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I Introduction 

When plant pathology first emerged as a discipline, there was much 
interest in the causation of disease, and interest centered on the diseased 
plant as an individual There is still much to be learned about the 
processes that lead to disease in the individual plant and the mechanisms 
by which the plant wards off infection Tliese considerations have been 
dealt with m Volume I 

There is also much to be learned about the methods of infection by 
pathogens and the biochemical processes within the pathogen that lead 
to infection and disease Even in the development of control measures, 
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interest still centers about the individu-il intliogen Too little is Knoiin 
of the bioehem cal patliivnys tint arc unique to microorganisms for u to 
generalize when wo are attempting to develop a pesticide Perhaps tins 

will alwais be so Those are the domain of Volume II 

The realm of Volume III is the youngest phase of plant pathology 
and deals with populations of plants in relation to infection and to con- 
trol We must de-xl witli popiihlions of inoculum nnd also with the 
consequences of cultivation, which results in populations of uniform 
plants Just as populations of people present unique problems m public 
health medicine, so in plant pathology populations of inoculum or of 
plants exhibit characteristics that are not apparent when attention is 
focused on the individual plant only 


11 Inoculum Potential 

Injuries and inanimate pathogens aside, there is no disease without 
inoculum a prmciple that arose with Pasteur The production of inocu- 
lum IS therefore our first order of business in Volume III nnd is con- 
sidered by Garrett in Chapter 2 Inoculum may be considered to bo any 
material capable of producing infection It may consist of such propa- 
gules as conidn, sclerotn, or mycelium It may consist of virus particles 
A plant pathologist, interested m diseiase in populations of plants, 
needs to know how severe a disease is likely to be When inoculum 
lands on the host under conditions favoring disease development, iic 
know that the frequency of infection is somehow related to the number 
of inoculum units that encounter the host To describe this situation. 


Horsfall (1932) first used the term inoculum potential, and, as initially 
defined, it is the number of infective particles present m the environment 
of the uninfected host According to Horsfall (1932) "such a concept 
carries with it the idea of mass action — the greater the mass of organ 
isms present the more severe will be the disease Tins idea also carries 


with It the idea of virulence — ^the more virulent the organism the more 
severe will be the disease This view of moculum potential is concerned 
only with the amount or virulence of inoculum rather than with the 
influence of environment on the seventy of infection " Later, Zentmyer 
and associates (1944) modified the original definition and considered 
inoculum potential as the disease producing power of the host environ 
ment, assuming that pathogens constitute a part of that environment 
Wilhelm (1950) adopted the term moculum potential m its original 
sense, 1 e , the amount of moculum m a unit volume of soil His measure 
of inoculum potential was the infection mde^, which is the percentage 
of tomato plants becoming infected with Vcrnclhum when planted m a 
unit volume of soil m a stated manner In this use, therefore, it reflects 



1 INOCULU^f AND THE DISEASED POPULATION 3 

the infective power of the pathogen m the soil (Wilhelm, 1951} Garrett 
( 1956, and m Chapter 2 of this volume) defines inoculum potential in 
another sense the energy of growth of the pathogen available for infec- 
tion of the host at the surface of the host to be mfected 

Although those studymg root diseases and soil-borne pathogens first 
sensed the need for this term, the concept of moculum potential is 
equally applicable to pathogens that are borne m any manner by air, 
water, msects, on crop residues, or on seeds Probably the term arose 
initially because those working with soil-bome pathogens found it very 
difficult to measure the quanlit)^ of infective units in a given volume of 
soil, whereas with air-bome and seed-borne mfections, tlie measurement 
of this quantity was a simple matter, and different terms were applied 
to the problem Thus Heald (1921) used the term spore load to describe 
the number of bunt spores per wheat kernel 

In the following discussion tlie term “inoculum potential’ is the 
number of independent infections that are hlely to occur in a given 
situation in a population of susceptible healthy tissues The amount of 
tissue that can be invaded from a single infection is the unit talen, 
whether it be a part of a leaf m a localized disease or an entire plant in 
a systemic infection In this sense inoculum potential is the resultant of 
the action of the environment, the vigor of the pathogen to establish an 
infection, the susceptibility of the host and the amount of inoculum 
present This is precisely the mdex needed in descnbmg the rise and de- 
cline of epidemics (Chapter 7) and in forecasting epidemics (Chapter 8) 
We may find it convenient to tliink of inoculum potential as a form 
of potential energy In physics we Jeim that all forms of energy contain 
an intensity factor and a capacity factor Tlie magnitude of the energy 
is the product of these two 'Huis heat energy can be measured as the 
product of the temperature (the intensity factor) and heat capacity 
(the capacity factor) Light energy is the product of the intensity of the 
light and the proportion of tlie light that is absorbed by a s>stcm to do 
photochemical work Electrical energy is the product of the potential 
difference across the terminals of a circuit and the current fioving 
through It By this analogy inoculiim potential is the product of tlic 
quantity of moculum present (the intensity factor) and the capacity of 
die envaronment, used in a broad sense, to produce disease m a host of 
given susceptibility with a pathogen of stated characteristics 

In tins sense inoculum potential is a useful concept Enerp is the 
ability to N\ork Work is done a%hcn inoculum is moved from a source 
to an infection court and successful infection occurs Tlie operation nn> 
proceed cfficicntlv under favorable conditions or verj' incfficientlv under 
unfavoralilo conditions Wc mav consider all factors that tend to retlnct* 
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the number of successful infections as analogous to frictional losses when 
work IS done in a real system 1 1ms, when the environment is unfavor- 
able to the estahhshment of infection or when a large percentage of the 
inoculum arrives at the infection court m nonviable condition, the net 
work IS small and the efficiency is low 

Plant pathologists have tended to confine their measurements ot 
inoculum potential to the resultant of the action of both the intensity 
and the capacity factors and have devoted but little effort to attempts 
to measure the numerical inffacncc of the capacity factors Tlius, the 
studies of Horsfall (1932), of Wilhelm (1950, 1951), and of Nusbaum 
and associates (1952) are all cases in which the value of the inoculum 
potential as a whole was measured Tlie measurement of the magnitude 
of disease must be perfected if estimates of the inoculum potential are to 
be precise Horsfall and Barratt (1945) devised one method of doing so, 
while Chester (1950, and Volume 1, Chapter 4) has given us an excel- 
lent appraisal of the factors underlying estimates of disease and of the 
methods that can be employed in making these measurements 

A The Intensity Factor o/ Inoculum Potential 
The amount of moculum present is the intensity factor of inoculum 
potential How the amount of inoculum vanes with distance and how 
much inoculum is deposited upon plant surfaces m varying circumstances 
are interesting problems that require quantitative solution to make use 
of the measurements of the inoculum potential 

To construct a simplified model of the way in which the amount of 
moculum vanes, it will be useful to consider the subject from three points 
of View variation of the amount of inoculum with distance, factors af- 
fecting the viability of inoculum during dispersal, and the trapping of 
inoculum by plant surfaces 


1 Variation of Inoculum wtth Distance from the Source 

In considermg how the amount of inoculum varies with distance, 
we must account for a number of situations observed in the field The 
most commonly observed situation is that where the amount of disease 
diminishes with distance from a point source and finally disappears, that 
IS, where there is no transmission beyond a certain distance The second 
case IS that where the amount of disease diminishes with distance from 
a point source, but where there is no limit to the distance to which the 
disease will spread from this source, if sufficiently strong Finallv there 
arc flioso cases wberc the disease outbreak appears "out of the blue" and 
the source from which the outbreak arose is not readily apparent 

Wo may look at these situations in another way Inoculum may be 
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carried from the source to the infection court in one, two, or three 
dimensions. The gradient of disease is useful for inferring what the na- 
ture of transmission has been. Here the gradient of disease is defined 
as the slope of the line when the logarithm of the amount of disease is 
plotted against the logarithm of distance from the source of inoculum. 

Let us imagine that a bird carries spores from their source to the 
infection court and flics at least 50 miles before landing. It may fly any 
distance greater than this before landing but never less. If the bird loses 
no inoculum in flight, the quantity of inoculum will be the same in the 
infection court when the bird lands as it was at the source of inoculum. 
It may fly 50, 60, or 100 miles before landing and the same will be true. 
Here, the strength of the inoculum does not vary with distance from the 
source, so the gradient of disease will be zero because the line relating 
log disease to log distance will be horizontal and have a slope of zero 
In such a case it is easy to see why the outbreak of disease in a new 
locality would appear "out of the blue.” 

The second case is that in which a disease spreads in two dimensions 
only, as in the case of rhizomorphs of Armillarki mellea, fanning out 
from an infected host but maintaining reasonably constant depth in the 
soil. Here, the strength of the inoculum varies inversely as the distance 
itself. 

One can derive this relationship quite simply. Imagine a group of 
nematodes concentrated at a point, the number of nematodes being Q. 
Imagine a circle of radius Xi about the center Q and a second circle with 
twice this radius, Xz, also about ^ as a center. Assume that the nematodes 
can move outward equally in all direcb'ons from the center of a plane, 
as in a film of water on a flat surface. When they arrive at the first circle, 
they are dispersed over a length equal to the circumference of the circle, 
a length of ^-rrXi cm., and the intensity of inoculum, /, along this line is 


7i = 


nematodes per centimeter. 

2irXi 


( 1 ) 


Similarly, if the nematodes all swim on to the second circle, the intensity 
of inoculum per unit length at the second circle is L = Q/2-rX2. Tlien 


7i _ Q/2irXi 

h " Q/2irXi 

Canceling out common terms, we have 

h 

li Xi 

Hence, in this case, intensity of inoculum varies inversely with distance 
from the source. 


(2) 


(3) 
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Equation 
strength, is 
becomes 


(1) can be stated in oilier terms Wlion Q, the source 
constant, then Q/2 t is also constant, and the equation 

j = *; (4) 


where k, a constant, equals Q/2, In logarithmic terms, tins equation 
becomes 

log I = log li. — log X (^) 

svhich IS the equation o£ a straight line, having a slope of —1 when log 
1 IS plotted against log x In this curve the slope of the line is the gradient 
of disease and the value of log k defines the scale of distance, as dis- 
cussed by Van dei Plank (Chapter 7) In this case, also, the source of 
inoculum may be difficult to locate when only the points of new outbreak 
of disease are known 

In the third case the dispersion of inoculum is three dimensional A 
derivation analogous to the case for two dimensional dispersal indicates 
that the strength of inoculum varies inversely with the square of the 
distance from the source When an inverse square law is followed, from 
a sufficiently powerful source of inoculum there should be an infinite 
horizon m the spread of disease, le the abundance of new infections 
arising from a point source should vary inversely as the square of the 
distance Some infections will occur, though rarely, at an infinite dis 
tance from a sufficiently strong source of inoculum In this case the 
disease gradient has a value of — 2 

In many diseases the gradient obtained by actual counts of disease 
incidence indicates tliat the strength of inoculum varies as a higher 
power than the square of the distance from the source In these cases 
there is a definite horizon for the spread of disease from a point source 
that IS, the distance to which a disease is spread is limited no matter 
how strong the source is, and beyond this limit no spread will occur Van 
der Plank discusses this case in Chapter 7 

As Wood has discussed m Chapter 7 of Volume II, a host may require 
more than one and perhaps many spores in an infection court if infection 
IS to become established Thus the experimental placement of a single 
spore upon a host surface seldom results m infection, whereas the pres 
cncc of many spores in an infection court invariably results in infection 
Tins phenomenon is partly ascribable to variation m vigor of in 
dividinl spores Partly it is the necessity of the “sacrifice hit’ in baseball 
—the necessity of a number of spores to modify the host barrier if one 
spore IS to breach it Herein bes an advantage of organization of cells 
such as the multicellular spores of IJchnmlhosporium, the multicellular 
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sderotium, or the nematode. These frequently invade the host in the 
absence of others of their kind. Thus each infection may require severaJ 
propagules and 

D = «/ (6) 

where D is a successful infection resulting in disease, and nl is the 
number of propagules necessary. Herein also lies the reason for the 
greater success of the Fiisarium associated with a nematode, which can 
invade an otherwise Ff/sorinm-resistant host. In this case the nematode 
provides a penetrating mechanism that many Ftisarium cells fail to ac- 
complish in the absence of the nematode because the host barrier is 
invulnerable to them ^vhen the host is resistant 

2. Infectiousness of Inoculum 

Inoculum liberated from the source may not be capable of producing 
an infection in a susceptible host on arrival in the infection court. This 
may be because the inoculum is liberated from the source in nonviable 
or weakened condition or because the inoculum loses infectiousness in 
transit to the infection court. 

The application of a fungicide to the source of inoculum is an illus- 
tration of loss in viability at the source. The dispersal of spores through 
hot, dry air may result in death in transit. In either case only a pro- 
portion of the inoculum arrives in tlie infection court in a condition 
capable of infection. The value of this proportion, i, can be determined 
experimentally under different environmental conditions, or it can be 
expressed as an equation when the law governing how inoculum dies 
is known, and be used to predict the value of i for a given transit from 
source to the infection court 

The resistant plant has the effect of reducing the proportion of spores 
capable of infection. Looked at from this view, therefore, resistance or 
immunity of the host reduces the infectiousness of the inoculum. 

3. Trapping of Inoculum 

The trapping of inoculum by bodies having different shapes has been 
studied by Gregory (1950, 1951) and by Gregory and Stedman (1953). 

In simplest terms, the shape of the host surface and of the spore under- 
going dispersal both determine the number of spores deposited. One 
can visualize this process by considering the passage of light through 
a colored solution. The light corresponds to spores undergoing dispersal, 
and the colored solution corresponds to the plant surface v'hich traps the 
spores. Light of a given wave length, absorbed by the solution, is ab- 
sorbed in accordance wth the Beer-Lambert law. the same proportion 
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of the light is absorbed per unit length of solution traversed by the light 
at unit concentratron of the solution. This can ho stated as an equation; 

I = (7) 

where c is the molar concentration of the solution, I is the length of the 
light path through the solution, !« is the initial intensity of the light, I is 
the intensity of the light after traversing a path of length ! through the 
solution, and k is a constant cliaracteiistic of tl\c solute. 

We may think of the deposition of spores across a surface ns follow- 
ing a similar law. In this case the terms in the equation above must be 
redefined, c being the density of the crown of foliage through which the 
spores travel, I the length of the path of the spores through the foliage, 
lo the intensity of the inoculum at the beginning, and I the intensity of 
inoculum after any distance I is traversed. The constant k then becomes a 
characteristic of the trapping surface for a spore of given shape. 

In the production of disease our concern is not with the intensity of 
the inoculum which successfully traverses this croivn of foliage but 
rather with the amount of inoculum deposited per unit length of path 
traversed, and this is obviously the quantity U — I. 

Although a convenient way of thinking about the trapping of inocu- 
lum, the above equation describes the situation incompletely. First, the 
crovm of foliage is discontinuous, that is, plants and fields are spaced 
apart from one another and only in a tomato or a potato field does the 
foliage approximate a continuous system at maturity. Second, the move- 
ment of spores is through turbulent air, and when long distances are 
mvolved, dispersal between plants involves no crown of foliage at all. 
The above equation, therefore, approximates reality only when a cloud 
of spores traverses continuous foliage 

In Chapter 6 Schrodter has discussed the biophysical aspects of the 
landing of spores and the processes by which deposition is accomplished. 
Unfortunately, our ability to forecast the deposition of spores in actual 
field problems is primitive, and the mathematical treatment of the sub- 
ject necessarily applies only under idealized conditions. 

The effect of precipitation in washing air-borne spores out of the 
atmosphere and bringing them to the ground is also discussed in Chapter 
6. Tins process reduces the intensity of inoculum because it reduces the 
spore content of the air, but results in the arrival of very little inoculum 
m the infection court. 


4. intensilij of Ittoctilum in the Infection Court 

•n,c above discussion can nmv be tied together lo give an npproxima 
ton to the total picture. The amc^t of inccnlnn, arriving ta th™ 
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fcclion court will bo tlio resultant of the factors influencing the inoculum 
during transit. We have seen how the intensity of inoculum may vary in 
intensity witli distance from the source. This may be ex-pressed by tlie 
equation 



wlicre I is intensity of inoculum, m, is a constant, Q is the strength of 
inoculum at the source, x is llie distance from the source, and b is a 
constant, varying in value from 0 in the case of one dimensional dis- 
persal to values as high as 4 or 5 in eases discussed by Van der PJanX 
(Chapter 7). 

We liavc seen further that the proportion of spores capable of in- 
fecting a host can be expressed by the term i. Finally we have seen how 
the deposition of spores may follow a law analogous to the Bcer-Lambert 
law or f = ft, Tlie resultant of the action of these factors is 

I = ( 9 ) 

If the crown of foliage is continuous from source to infection court, then 
Q is the same as U, the initial strength of tlie inoculum In this equation 
I is the intensity of inoculum remaining after deposition along a stated 
path and capable of producing an epidemic elsewhere. 

The resemblance of this equation to that given by Waggoner (Chap- 
ter 8) is obvious although different symbols have been used in the hvo 
cases because different signiBcance has been attached to them Other 
approaches to this problem have been presented by Gregory (1945) and 
by Waggoner (1951, 1952, Chapter 8). 

From this equation we can visualize how disease gradients arise as a 
linear relation in the field. The equation given just above can be re- 
written in logarithmic form as follows: 

log I = —6 log a; -1- (log m + log i + log Q — Uc) (10) 

where terms are expressed in natural logarithms to the base e In a given 
disease situation all factors are constants other than I and x, and under 
these circumstances the equation defines a line on log-log co-ordinates 
such as that the slope of the line, ~b, is the disease gradient and the 
sum of the factors in parentheses is the scale of distance, discussed by 
Van der Plank (Chapter 7). 

B The Capacity Factor of Inoculum Potential 

Plant pathologists have discovCTed no simple way of treating the 
capacity factor of inoculum potential quantitatively. The influence of 
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environmental temperature, relative l,um.d.t>, and the susceptibility of 
the host ill contribute to the cipacity of the cmironmcnt to produce 

We know that infection generally increases with temperature and is 
roughly proportional to it up to the optimum for the disease under con- 
sideration Beyond this point infection becomes inversely proporliona 
to temperature Equations that describe this situation arc knoivn and 
could be applied to most diseases In a general way wo also know the 
influence of atmospheric humidity on the infection process Being mois- 
ture sensitive fungus pathogens fail to germinate unless relative hu- 
midity IS high As one approaches the saturation point, the capability of a 
pathogen to germinate and to infect the host increases very sharplj At 
the saturation point condensation occurs, and infection hccomcs n 
maximum Equations are also known that describe tins situation Tlie 
eSect of host susceptibility on the infection process can be handled sim 
ply as an efficiency factor in which, for a given intensity of inoculum and 
for a given environment, the number of infections becoming cstabhsbcd 
is stated as a number relative to the most susceptible condition that can 
be imagmed Each of these terms separately can be described mathc 
matically and independently of the others when the others are hold 
constant Thus, the influence of temperature at a given humidity and for 
a host of stated susceptibility can be stated We may deal similarly with 
the influence of humidity and of host susceptibility By using the tech 
niques already employed for kinetic studies in chemistry and physics, 
the plant pathologist can use differential equations to increase his power 
to analyze and therefore to predict the real value of the inoculum poten 
tial When this has been done and iS put to use, the plant pathologist 
will have a powerful tool at his disposal 

C Inoculum Potential as a Tool 

In the preceding discussion inoculum potential has been treated as 
a function of distance, infectiousness trapping efficiency, and of the 
environmental factors that enter into the amount of disease that is likely 
to develop These are the factors that enter into an energy concept of 
inoculum potential 

The rate at which disease development occurs is dealt with in Chap 
ter 7 by V-m der Plank By tbe analogy that inoculnm potential has the 
dimensions ot energy or work, the rate of increase of moculnm poten 
tnl IS andogous to power in physxcs, power rs the rate of doing work 
Van der Phnk has presented m hrs chapter expressions for the rate of 

"'h'* ™ “dr analogy, is the power of the system to 
produce diseise in a population of plants 
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Frequently over a period of time the course of development of disease 
in a population of plants describes a sigmoid curve when a true epidemic 
is involved. In the early phases of disease development, there is loga- 
rithmic growth in the amount of disease over a period of time and only 
after the number of susceptible healthy individuals becomes limited or 
some otlier factor limits disease development is there departure from a 
logarithmic growth curve. 

The sigmoid character of the curve relating amount of disease to 
time, in fact, is the same whether an epidemic is involved or not. If 
disease levels remain low, we are concerned only with the first part of 
the curve. When disease levels are high, then the sigmoid character of 
the total relation appears. Whether disease develops in an unrestricted 
manner, a manner restricted naturally, or by control measures devised by 
man, the mathematics of the disease development curve are similar. The 
application of a control measure merely reduces the magnitude of the 
factors already in the equation. Chapter 7 is concerned ivith this con- 
cept to some extent although only with tlie logarithmic portion of the 
curve. 

The usefulness of inoculum potential as a tool rests upon an apprecia- 
tion of this fact. Estimates of how large the inoculum potential is at a 
given time and particularly of the change in inoculum potential over a 
period of time permit forecasts of disease incidence. An understanding 
of the mathematical equation that describes this change, and particularly 
that the same equation is valid for an epidemic or an abortive disease 
occurrence held in check by a control measure, is a step forward in our 
ability to forecast the development of disease in a population of plants. 

HI. The DisPEnsAL of Pathogens 

We have seen that the amount of inoculum in the infection court is 
directly proportional to that produced at the source. Tlic method by 
which inoculum is dispersed from the source to the infection court docs 
not alter this fact. It merely changes the effect of distance, the proportion 
of viable propagules arriving, the trapping characteristics on arrival at 
the l)Ost, and the likelihood of finding a host. If a dispersal mechanism 
is highly efficient, the effect of these factors is small; if the mefchanism 
is inefficient, their effect is great. In a general way the more efficient a 
dispersal mechanism is, the fewer are the prop.ig«les needed to pro- 
duce a given level of disease. For survival of a pathogen in an cvolu- 
tionar)' sense, when dispersal is inefficient, a large amount of inoculum 
must be produced at the source. Tliis relationship can be seen in the 
abundance of inoculum produced by air-bomo pathogens, relative to 
ones that are secd-l>ome. 
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Wo know that infection generally increases with temperature and is 
roughly proportional to it up to the optimum for the disease under con- 
sideration Beyond this point infection becomes inversely proportional 
to temperature Equations tint describe this situation are known and 
could be applied to most diseases In a general way we also Imow tbe 
mHuence of atmospheric humidity on the infection process Being mois- 
ture sensitive fungus pathogens fail to germinate unless relative hu- 
midity is high As one approaches the saturation point, the capability of a 
pathogen to germinate and to infect the host increases very sharply At 
the saturation point condensation occurs, and infection becomes a 
maximum Equations are also known that describe tins situation Tiic 
effect of host susceptibility on the infection process can be handled sim 
ply as an efficiency factor in which, for a given mtensity of inoculum and 
for a given environment, the number of infections becoming established 
IS stated as a number relative to the most susceptible condition thil can 
be imagined Each of these terms separately can be described mathe- 
matically and independently of the others when the others are held 
constant Thus, the influence of temperature at a given humidity and for 
a host of stated susceptibility can be slated We may deal similarly with 
the influence of humidity and of host susceptibility By using the tech 
niques already employed for kinetic studies in chemistry and physics, 
the plant pathologist can use differential equations to increase his power 
to analyze and therefore to predict the real value of the inoculum poten 
tial When this has been done and is put to use, the plant pathologist 
will have a powerful tool at h\s disposal 


C Inocttlum Potential as a Tool 


In the preceding discussion inoculum potential has been treated as 
a function of distance infecliousness trapping efficiency, and of the 
environmental factors that enter into the amount of disease that is likely 
to develop Tlicse are the factors that enter mto an energy concept of 
inoculum potential 


Tlic rate at which disease development occurs is dealt with in Chap 
lor 7 by Van dor Plank By the analogy that inoculum potential has the 
dimensions of energy or work, the rate of mcrease of inoculum poten 
tnl IS analogous to poner in physics, power is the rate of doing work 
\an der Plank has presented m his chapter expressions for the rate of 
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Frequently over a period of time the course of development of disease 
in a population of plants describes a sigmoid curve when a true epidemic 
is involved. In the early phases of disease development, there is loga- 
rithmic growth in the amount of disease over a period of time and only 
after the number of susceptible healthy individuals becomes limited or 
some other factor limits disease development is there departure from a 
logarithmic growth curve. 

The sigmoid character of the curve relating amount of disease to 
time, in fact, is the same whether an epidemic is involved or not. If 
disease levels remain low, we are concerned only with the first part of 
the curve. When disease levels are high, then the sigmoid character of 
the total relation appears. Whether disease develops in an unrestricted 
manner, a manner restricted naturally, or by control measures devised by 
man, the mathematics of the disease development curve are similar. The 
application of a control measure merely reduces the magnitude of the 
factors already in the equation. Chapter 7 is concerned with this con- 
cept to some extent although only with the logarithmic portion of the 
curve. 

The usefulness of inoculum potential as a tool rests upon an apprecia- 
tion of this fact. Estimates of how large the inoculum potential is at a 
given time and particularly of the change in inoculum potential over a 
period of time permit forecasts of disease incidence. An understanding 
of the mathematical equation that describes this change, and particularly 
that the same equation is valid for an epidemic or an abortive disease 
occurrence held in check by a control measure, is a step forward in our 
ability to forecast the development of disease in a population of plants. 

III. Tiic DiSPEnsAL or Pathogens 

We have seen that (he amount of inoculum in (he infection court is 
directly proportional to that produced at the source. TIic method by 
which inoculum is dispersed from the source to the infection court <locs 
not alter this fact. It merely changes the effect of distance, tlie proportion 
of viable propngules arriving, the trapping characteristics on arrival at 
the liost, ond the likelihood of finding a host. If a dispersal incclianisin 
is highly efficient, the effect of these factors is small; if the methanism 
is inefficient, their effect is grc.'it. In a general way the more efficient a 
dispersal mechanism is, the fesscr are the propagules n(‘edcd to pro- 
duce a given level of disease. For sur^'Kal of a p.athoscn in nn cvolu- 
lionaiy sense, when dispersal is inefficient, a large amount of inoculum 
must l>c producesl at the source. This rehtionship c.m Ih* seen in the 
abundance of inoothim prosluced hy air-l>om<’ pithoqens. reh{,v<% p, 
ones that arc secd-liomc. 
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A Autonomous Dispersal 

In the soil the climate is not subject to wide vanation as it is in the 
ait In an evolutionary sense the stractuce of roots is conservative that is, 
primitive Thus the vascular anatomy of fossil plant stems resembles that 
o£ roots Stems gradually became varied m structure m response to a 
varied emironment m the atmosphere Likewise, in an cvolutionar>' 
sense, as has been stressed by McNew in Chapter 2 of Volume H, the 
most primitive types of pathogens arc those that h\c in the sod and 
cause root diseases 

The dispersal of pathogens m the soil is likewise primitive We 
should remember that plant pathogens frequently have more than one 
method of dispersal available to them In the discussion that follows wc 
are concerned with individual dispersal mechanisms, rather than with 
the habit of individual pathogens Soil dwelling fungi, such as Rhtz- 
octoma and the root rotting Vusarta, are facultative parasites living on 
organic matter in the sod, and are not dependent upon their ability to 
find a host in order to survive Their attack of plants involves the chance 
encounter by mycelium or spores of plant roots that arc susceptible 
When a propagule lies in wait for a susceptible host, the source of 
inoculum and the infection court are the same, and the distance between 
them is either zero or very small The moculum potential changes little, 
if any, between the source and the infection court 

When mycelial growth occurs from a substrate, it fans outward and 
eventually encounters more organic matter or a new host Rhizomorphs 
behave in a similar fashion Dispersal occurs slowly because the growth 
of mycelium in the sod is a relatively slow process, and from a point 
source the inoculum potential drops rapidly with distance to zero How- 
ever, because the environment m the sod is not ordinarily subject to 
wide fluctuations, these pathogens can survive in the sod for a long 
lime as compared with pathogens that are characteristically dispersed 
m the air Cysts of nematodes, sclerotia, mycelia, and rhizomorphs all 
fall into this group Ability to survive adversity, a facultatively parasitic 
habit, and adaptation to an environment in which fluctuations are not 
great are all factors that favor ubiquitous distribution, a characteristic 
of Rhizoctonxa and the root rotlmg Fusana These matters have been 
discussed b> Garrett in Chapter 2 

The soil dwelling nematodes behave m a manner comparable with 
the pathogens that are dispersed in the soil through the growth of their 
own mycelium The nematodes, on hatching from eggs, swim short dis- 
tances in the moisture available m the sod until they find food Because 
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they do not swim rapidly, their dispersal is slow. All of these are ex- 
amples of autonomous dispersal, a subject discussed by Muskett in 
Chapter 3 of this volume. 

The chemotropic responses exhibited by propagules of pathogens 
favor the finding of a suitable host. Although a chemotropic response 
does not enable a pathogen to distribute itself more widely in the soil 
in terms of space, it increases the probability that a favorable host will 
be found. In this sense chemotropism has survival value for soil-dwelling 
organisms even though it operates only over short distances. Thus the 
cyst-forming nematodes, when encysted, are well adapted to resist 
desiccation and the absence of a host for a period of years. However, 
when a host occurs nearby, the liberation of a hatching factor by its 
roots stimulates the germination of eggs in cysts of nematodes belonging 
to the genus Heterodora, and the resulting nematodes then migrate to the 
roots of die host and complete their life cycle. 

B. Di^ersal by Water 

The dispersal of inoculum in water can occur in one of two ways. 
In the case of free-swimming nematodes or zoospores or motile bacteria, 
inoculum is dispersed autonomously. When the water itself provides the 
motion that causes dispersal, then inoculum is carried along with the 
water, and self-motility of the inoculum can (or all intents and purposes 
be ignored. When water provides a continuous medium and the patho- 
gen is motile, as with nematodes in the soil, the variation in intensity of 
inoculum with distance from the source will approach the inverse square 
law because dispersal is three-dimensional. When moisture exists in a 
thin film over a surface and inoculum swims out from a point source, 
then inoculum intensity varies inversely with the distance itself. 

Water-borne pathogens are not necessarily efficient in finding a new 
host. Wlien secondary spores of the apple scab fungus are released and 
are carried by rain over leaves, they are in an advantageous position 
because of the proximity of susceptible host tissue in the path of water 
flow. In this case the dispersal mechanism favors finding uninfected host 
tissue on tlie same plant, but is not well-adapted to finding new plants 
and, accordingly, is belter suited to local lesion than to systemic diseases. 

Ho^vever, inoculum may be adapted to being dislodged by wafer. 

By the splashing of tlic water-borne inoculum, tiny droplets are created. 
Tliese droplets may then become air-borne, and the probability that 
inoculum will find a new liost plant is increased. Grcgor>' (1932) has 
discussed the mannci’ in which Ibis phenomenon occurs. 
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C Dispersal on Crop Residues 

Pathogens that are dispersed mechanically hy being present m crop 
residues can be transported over limited distances In perennial plants 
these pathogens may survive on the overwintering part of the host and 
maintain themselves for long periods Among the nematodes both the 
root knot and the foliar nematodes can ovenvintcr in the plant The 
habit of VerticilUum and riisamm of invading the host generally after 
its death and fruitmg on the surface of the host makes these pathogens 
well suited to dispersal on crop residues 

As with crop residues so it is with refuse piles containing pathogens 
Under cultivation there is a reasonable likelihood that a susceptible 
crop will be planted m an ensuing year close to the refuse pile Tlic 
proximity of the refuse pile to the field and man’s habit of successive 
cropping season after season, makes necessary only a short dispersal for 
the pathogen to make successful contact with its host 


D Dispersal htj Insects 

Insect borne pathogens are specialized These pathogens, to speak 
tehologically, have hedged their bet between tbe widespread dispersal 
possible when spores are three dimensionally air-bome and the reason- 
able assurance of finding a host because of the preference of an insect 
for a particular plant Wlien the pathogen rides along with an insect, 
that already has a preference as to the host m which it lands, the finding 
of a host IS less a matter of chance than when dispersal of the pathogen 
IS strictly random but because the flight of an insect may be in any 
direction from the source, the variation in intensity of inoculum with 
distance from the source tends to vary inversely as a power of the dis- 
tance from source to infection court 

For the viruses that persist with their insect vectors, the relation is 
unique Here, the insect itself is a host and is capable of transmitting the 
virus to plants for a long tune because the virus multiplies in the insect 
This aspect of the subject has been treated by Broadbent m Chapter 4 


E Dispersal m the Air 

An borne spores must be liberated forcibly to push them through the 
layer of quiet air surrounding the plant into the layer of turbulent air 
above How pathogens shoot their spores into the layer of moving air 
above the leaf has been discussed by Ingold m Chapter 3 of this volume 
Air borne spores are well suited to travel over long distances but are 
not etncient in finding a new host, and usually multitudes of spores must 
» producoil m order that the pathogen can llounsh WitneL the pro 
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fusion of spores produced by Endothia parasitica, the chestnut blight 
pathogen, which is air-borne. When air-bome spores are produced on 
refuse piles, the distance over which dispersal must occur is short, and, 
inasmuch as air-home dispersal is usually a dispersal in three dimensions, 
the number of spores varies inversely as the square or higher power of 
the distance from the source. It is for this reason that the inoculum 
potential drops rapidly with distance from the source of inoculum. 
Stated conversely, the greater the distance of a susceptible crop from the 
source of inoculum, logarithmically the more spores must be produced in 
order that infection remains equally likely. 

Generally speaking, in air-bome dispersal the landing of inoculum 
IS distributed at random, and the inoculum lands more frequently on 
nonsusceptible hosts than on susceptible ones unless the inoculum is 
dispersed over short distances in cultivated fields, planted to a single 
species. 

The aerodynamic aspects of spore dispersal are discussed by Schrodter 
in Chapter 6. This chapter stresses the theory underlying the broad as- 
pects of the subject. Frequently illustrations are given to show how 
observations made in the field have confirmed the soundness of the 
theory. 

The need for devising new ways of making measurements in this 
area is often apparent. An excellent illustration of how adequate fnstni- 
mentation has changed conceptions in this part of plant pathology is the 
spore trap devised by Hirst (1952) and a modification of it for spedal 
use made by Gregory (1954). An instrument of cascade impactor design, 
the Hirst spore trap permits a study of the changes in spore content of 
the air diumally, seasonally, and from point to point (Gregory and Hirst, 
1957). As a result of the astute use of a well designed spore trap, Hirst 
(1953) has shown the effects of weather on the types and abundance 
of spores in the air. We are beginning to leam much about the factors 
governing how and when spore discharge occurs (Hirst cf ah, 1955; 
Hirst, 1959). As a consequence, our ability to forecast disease outbreaks 
and epidemics has been greatly improved. To paraphrase an Ameri- 
canism, the world has beat its way to the door of the man ^\^o built a 
belter spore trap! 

F. Dispersal on Seeds 

By contrast, secd-bome pathogens, although not mobile llicmscivcs, 
move with the seed and arc practically guaranteed the presence of a host 
if the seed sur\’ivos or one nearby if llic seetl is pf.inferl uith other'C of 
hs kind. T))is is a liighly efficient means of dispers.al of inoculum, and no 
great number of spores is ncccssarj* for sur\'i\al of sectl-l)omc p.ilhogcns 
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The smuts however, arc often diseases of reproductive organs, and in 
the case of the stinhing smut, UsUlago Inlici. the entire seed may be- 
come nongermmable in terms of the host, but a mass of spores m terms 
of the pathogen Because of the manner m which wheat is gro""' bar- 
vested, and planted, this method of dispersa! is higlily efficient, and 
inoculum potential does not vary with distance between the infection 
court and the source of the inoculum Muskett has discussed dispersal of 
P'lthogens on seeds in Chapter 3 


G Dispersal by Man 

Of all the methods of dispersal only those where the pathogen is 
dispersed on plant parts can be altered m a significant way by plant 
quarantmes We have seen in the ease of the seed borne pathogens that 
their dispersal is highly efficient The same is true of pathogens that live 
on material in transit Insofar as quarantmes arc designed to intercept 
such material, they are well conceived so long as the pathogen can be 
recognized when it is present Unfortunately, some quarantines are not 
of this type We already know how hard it is to legislate a pathogen out 
of existence, the pathogens do not read the statutes Gram has discussed 
quarantmes m Chapter 9 In addition, a principle that is useful in decid- 
ing whether a quarantine will he worthwhile is inherent in the dis- 
cussion below and m Chapter 7 


IV Control Measures and Inoculum Potential 
Van der Plank’s equation 12 (Chapter 7) states that 


(U 


230 , h 
= — 'osir 


where dt is the delay in onset of disease, r is the rate of increase of 
disease (and of inoculum) in per cent per unit of time, lo is the amount 
of inoculum m the absence of a control measure, and I'o is the amount 
of inoculum remaining after a control measure has been applied In 
Chapter 7 there is a discussion of the extent to which the onset of an 
epidemic is delayed by reducing the inoculum by a stated amount How 
much the onset of the epidemic is delayed depends upon how rapidly 
the inoculum is reproduemg itself 

We may look upon all control measures in terms of this equation 
Some control measures have their primary influence on reducing the 
available inoculum Other control measures have their effect primarily 
on the rate at which inoculum builds up 'These two effects are quali 
tatively different from each another 

In fact we may look upon factors that affect the 


amount of inoculum 
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available for producing disease directly as factors aflFecting the intensity 
factor of inoculum potential. Protective fungicides, seed treatments, the 
planting of trap crops, and soil treatments are cases in point. These are 
discussed in Chapters 10, 11, and 12 of the present volume. By contrast, 
control measures that primarily affect the value of r, affect the capacity 
factor of inoculum potential. The planting of disease-resistant hosts and 
many cultural methods of controlling disease are examples. These are 
discussed in Chapters 10 and 14. 

The fundamental clue as to which control measures will work best 
in a given case rests upon the numerical value of r. When the amount 
of disease is plotted against time in the development of an epidemic, 
the curve is usually sigmoid in shape, and the slope of the curve at any 
time is the value of r. Thus ivhat the most efBcient control measure to 
employ is depends upon what value of r has been attained in the epi- 
demic curve. When r values are very low, a small reduction in inoculum 
can be effective. When values of r are high either because of the nature 
of the disease itself or because of the position attained along the epidemic 
curve when a perennial and systemic disease is involved, then control 
measures that affect the value of r primarily are the ones that will 
affect the development of disease most satisfactorily. Thus inspection of 
the equation shows that halving the value of r produces a delay in onset 
equivalent to reducing the amount of inoculum one-hundredfold. The 
choice of proper fertilizers to produce a crop that resists infection and 
(he use of crop varieties resistant to disease both reduce the value of r. 

A striking illustration of reducing the value of r is the use of p-dichloro- 
benzene or benzene in seedbeds to control downy mildew of tobacco. 
This compound prevents the production of spores on lesions by acting 
as an antisporulaut (Horsfall, 1945), Rapidly spreading downy mildew 
infections in tobacco seedbeds can be wiped out through use of p- 
dichlorobenzene or benzene, because they primarily affect the value of r. 
With the development of the dilhiocarbamate fungicides and the ap- 
plication of ferbam to tobacco seedlings, inoculum intensity can be so 
drastically reduced that the development of an epidemic is held below 
its onset by reduction of inoculum levels alone. 

From the epidemiological vie^v, plant chemotherapy is a technique 
of reducing the value of f when the treatment increases the resistance 
of the plant to infection (Dimond and Horsfall, 1959). There are in- 
stances, of course, in which natural factors tend to hold the value of r 
at a low level. Some of these are discussed by Darpoux in Chapter 13. 
Another instance, that of disease resistance of a genetic nature, is dis- 
cussed by Stakman in Chapter 14. Of the cultural practices that control 
disease, some of those discussed by Stevens in Chapter 10 are designed 
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pnmatily to leduce inoculum as such, as for csainplc. the spr.i>ing of 
orchard floors to reduce the number of apple scab spores prior to tlic in- 
fection period or the roguing out of diseased phnts Others, such as 
varntions in timing or spacing of planting, or the dcstruclion of weeds 
that serve as hosts and therefore as sources of inoculum ha\c iheir value 
primarily in reduction of the value of r 

Both chemical soil treatment, discvisscd h> Krcut/cr in Chipler 11, 
and foliar and seed protection with chemicals, discussed b> Burchfield in 
Chapter 12, are examples of control measures whose primar> purpose 
IS to destroy inoculum 

This way of looking at things is useful in considering when plant 
quarantines will be effective, a topic discussed by Gram in Chapter 9 
As Van der Plank discussed m Chapter 7, epidemics can arise because 
the birth rate of inoculum (and diseased plants) is high or because the 
death rate is low Those diseases m which the death rate is low charac- 
teristically have low reproductive rales Tins characteristic makes such 
diseases amenable to control by sanitation (Chapter 7) Quarantines 
are well suited to control of such diseases if diseased material can be 
surely and readily detected 

Under special situations quarantines can also be reasonably applied 
when inoculum (and diseased plants) characteristically have a high 
buth rate First, the value of r must be low We know that the rate of 
reproduction of a pathogen is low when it first enters a new area and 
that the value of r increases thereafter But the value of r is partly a 
characteristic of the pathogen itself and partly of the environment, 
neither being influenced by a quarantine A quarantine can affect only 
the value of the intensity of inoculum, and this under special conditions 
when the dispersal of inoculum into a locality where the disease is absent 
is exclusively imported by shipment on plant material Then the efS 
ciency of the quarantine is measured by the ratio (To — I'o)/h where 
I'o IS the intensity of inoculum entering under a quarantine and Iq is 
the amount entering in the absence of the quarantine How long an 
epidemic is delayed by reducing the amount of inoculum entering an 
area by given percentage when the value of r is low is a convenient way 
of estimatmg the value of a quaranUne 

Unfortunately this approach has often been ignored Quarantines 
have sometimes been continued after the value of r has become high and 
the amount of inoculum intercepted is but a small proportion of the total 
present in the area 

Some useful critem can be devised to guide decisions on the merits 
of a proposed quarantine or of abandoning other quarantmes The inocu 
Inm arriving must be restneted to plant material m shipment Diseases 
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can be considered in terms of whether they have a low death rate or a 
high birth rate. If they are of the latter type, an appreciation of the 
importance of r and measurements of its value in specific circumstances, 
together with estimates of the extent to which inoculum will be reduced 
by the quarantine, will be helpful guideposts. 

Inoculum can be combated at the source or in the infection court. 
Some control practices are designed to reduce inoculum at the source 
whereas others combat it in the infection court itself. When dispersal of 
inoculum is tluee dimensional, it would seem that the control of inocu- 
lum in the infection court would be more efficient because much of what 
is present at the source never finds a host and its destruction is relatively 


unimportant. 

This is why the efficiency of eradication programs is often low. What 
is important here is not the amount of inoculum destroyed, but rather 
the amount that is missed and is still free to produce an infection. The 
destruction of 99? of an inBnite amount of inoculum leaves an infinite 
amount of inoculum still. Man has wasted his effort in this case by labor- 
ing to destroy a proportion of the inoculum that will be ineffective in 
producing disease in any case. What remains may suffice to produce an 
inappreciably lower level of disease in the next crop. 

Destruction of diseased plants and its ultimate goal, eradication, are 
wisely used when the amount of inoculum is low at the source and its 
reproduction rate is low. When there are overwhelming strategic ad- 
vantages other than the destruction of inoculum as such, then eradication 
may achieve a desired end. The destruction of barberry, the host of wheat 
rust responsible for development of new rust races, is a case in point. 

. The choice of whether to combat inocu urn at the source ” “ ^ 
tection court is critical, and both entomologists and plant patMogists 
have had to learn the hard way how critical this choice can be. The con- 
trol of ilcuffim involves P-ticides-whe*er fungicides or baoten^^^^ 
f..-. 1 1 iU ' «c«,L,Tn fli'rpctlv or insecticides to combat a vector m 

-to control the mo^lum directly, o proportion of the 

dispersal and inoculation. All pesticides Kill oniy a p p 

inoculum or the vector population and while 

increased by increasing the dosage t p j, increased logarith- 

becomes slight when ™ tlierefore, limits beyond 

mically at high levels of m Jy- □£ inoculum or vectors, 

which we cannot economically go nlreidv very hich, the 

When the population of Pest/cidc 

proportion of inoculum or ve^‘^= ,he reasons why. 

may also be adequate to prod^d ^^^ 

m an average year, almost any b 
epidemic year, almost no fungicide is. 
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The choice between the source of inoculum and the infection court 
as locations to which a pcstic.de is to be applied c.in sometimes bo 
simply answered When inoculum is produced in prodigious quantities 
at the source and is dispersed by air and when no other considerations 
are involved the decision to apply the pesticide at the source of inocu- 
lum IS poor and the decision to apply the pesticide in the mfcctiori 
court results in more effective disease control Tlius attempts to control 
apple scab by eradicatmg the inoculum on the orchard floor were not 
successful because the population of inoculum surviving treatment was 
sufficiently high to produce approximately the same amount of disease 
as would have occurred had no control measure been applied at all On 
the contrary, the application of fungicide to the infection court has been 
and continues to be an effective method of controlling apple scab The 
chestnut blight fungus produces prodigious amounts of inoculum, but 
few of these spores find the infection courts Whetlior it is better from a 
disease control standpoint, and, economics aside, to concentrate on the 
trees that are diseased and are producing inoculum or on the trees that 
remain healthy is simple to decide When the disease is first present in 
an area the number of inoculum sources is small But to find them all 
and with certainty is well nigh impossible To miss a few is to leave suffi 
cient inoculum to permit the disease to spread at an almost uncontrolled 
rate To control the inoculum m the infection court, if it were cconomi 
cally worthwhile would seem the more efficient way to proceed because 
no effort need be spent m searching out the material to be protected The 
total effort would be spent on reducing inoculum in the infection court 
where the absolute numbers of the amount of the inoculum would be a 
minimum In a similar fashion it would seem a more efficient procedure 
to develop compounds that render the plant toxic to nematodes than to 
attempt to reduce the level of nematodes in the soil by the use of nemato 
cides, and although the problems of plant chemotherapy are remarkably 
difficult from the biochemical point of view, the over all strategy is 
sound 


The choice between application of a pesticide at the source of inocu 
lum or in the infection court may likewise he related to how rapidly the 
pesticide kills or how long the inoculum or the vector is m a vulnerable 
condition Thus Broadbent (1957) has discussed the frequent failure on 
the part ot msecticides to restrict the spread of aphid borne viruses when 
the insecticide is applied to the infection court Before the insecticide 
can act, the plant is already moculated and even though insect control 
IS reasonably good the control of spread of virus disease is not When 
msecticides are applied to the source ot inoculum, however, the extent to 
winch urns spread is reduced depends upon whether the w™ ts 
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sislent or a nonpersistcnt one. Vectors of a persistent virus, once they are 
able to infect IiealtJiy plants, mamtain this ability for a Jong time, 
whereas vectors of nonpersistcnt viruses can transmit tlie virus for a 
short lime only. Because, with the persistent viruses, there is an incubation 
period bchveen tlic time when an insect feeds and the time when it is 
capable of transmitting the virus to a Iiealthy plant, there is opportunity 
for an insecticide to act upon the insect, and insecticides that kill quickly 
are more effective than those that kill slowly. 

V^hen a disease is being spread from plant to plant within a cultivated 
field, the application of pesticide is to the source of inoculum and to the 
infection court as well, but when the strategy is to prevent the intro- 
duction of disease into a field that is healthy, one often has a difficult 
and sometimes an impossible choice of whether to apply the pesticide to 
crops nearby or to crops that are to be protected. 

In the case of some diseases there Is sometimes a sufficient time period 
for a pesticide to act cither at tl>c infection court or at the source, and 
with rapidly acting insecticides, it may make little difference to which 
locus the pesticide is applied. Dutch elm disease is apparently a case in 
point. Tliis disease, being carried by the elm bark beetle, can be com- 
bated by the application of insecticide cither to infected trees in which 
bark beetles arc breeding or to healthy trees to which infested bark 
beetles may fly. In cither case the beetle remains on the host a sufficient 
time to be inactivated by a rapidly acting insecticide such as DDT. 
Although great promise was given the systemic insecticides, we now 
know that their use in preventing the spread of disease by insects is 
somewhat limited. Thus, a systemic insecticide may be useful in killing 
bark beetles at the source of inoculum but probably would not be useful 
in the infection court There the vector wounds tlie tree sufficiently to 
inoculate it with the Dutch elm disease pathogen while it gets a toxic 
dosage of insecticide. 
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I. Introduction 

“Hordes of soldiers will overnm almost any defense.” 

J. G. Horsfall 

Within tlie context of plant palhologj' the word “inoailum” signifies 
an indefinite quantity of a parasitic microorganism or virus tliat meets, 
or may be placed upon or near, the surface of a potential host plant. Tlic 
inoculum may consist of one or many cells of the microorganism, and 
conceivably of one or many infective particles of a virus; the cells of the 
microorganism may be separate and free from one another, or they in.iy 
he organized into filaments, or into a tissue; they in.ny lie .scp.'imtiNl or 
23 
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not from the substrate upon which they were originnUy produced. Ac 
cording to general usage, the term “inoculum’’ is employed to describe 
something that has merely the potentiality of causing infection; thus, it 
IS possible to speak of “effective inoculum’’ and, conversely, of inoilec- 
tive inoculum ’’ The plant pathologist is chiefly interested in elTective 
inoculum, his interest in ineffective inoculum is conclilioned by the 
indications it may give of what makes an inoculum effective. It thus 
becomes necessary to define, in turn, what wc mean by an effoctivo 
inoculum”, an effective inoculum may be described as one that is ade- 
quate to produce, under the particular conditions of the situation or 
trial, a successful, progressive infection. The next query, as to what con- 
stitutes a “progressive infection,” can be referred back to nature, the 
ultimate court of appeal, where host and parasite live side by side. Some 
infections, once successfully initiated, may progress indefinitely until all 
the contiguous host tissue has been infected, whereas in others, e.g., 
many leaf spot diseases, the lesion is normally arrested by host resistance 
when it reaches a certain — and usually fairly typical — size. Such arrest 
of the expanding lesion generally occurs when the volume of microbial 
protoplasm in the original inoculum has been multiplied many times, so 
that the size of the lesion is not usually determined by the volume of the 
original inoculum; an inoculum that produces a lesion approximating 
the size normally found m nature can therefore be considered an effective 
inoculum. 


A Varieties of Inoculum 

Effective inocula may be of very diverse kinds 'With plant-infecting 
bacteria it is possible and even probable that a single bacterial cell can 
cause infection if it arrives in the right condition at a suitable infection 
court Xhis may seem a somewhat academic question, because in nature, 
bacteria are usually dispersed as aqueous suspensions in rain droplets 
or carried in masses by insects; they may be surrounded by capsular 
material or suspended m a viscous slime. In stem and leaf diseases caused 
by fungi, air-bome spores are the chief type of effective inoculum Such 
spores are usually large enough to he observed under the lower powers 
r ^ handled individually without great technical 

difficulty In the great maiority of air-borne diseases that have been 
sufnciemly studied, there seems to be little doubt that a single spore can 
establish a successful, progressive infection, and that it can be considered 
7 moculum For seed-borne diseases caused by fungi, 
*“ outer coat of tL 
V I, fruit or trapped within the sur- 

ing racts, as in gram of cereals and grasses Mycolia established by 
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the germination of such spores and becoming dormant as the seed ripens 
and dries out, may be considered a stage in infection from the original 
inoculum; so may dormant mycelia within the actual embryo, as occurs 
in seed infected by the loose smut diseases of wheat and barley, caused 
by UstOago tritici and U. nttda. 

Effective inoculum exists in a greater variety of forms for soil-borne 
diseases caused by root-infecting fungi. For young rootlets and even for 
older but not too well-protected parts of the root system in mono- 
cotyledons and herbacious dicotyledons, thin-walled dispersal spores 
may constitute an effective inoculum. Thick-walled resting spores well- 
furnished with food reserves, such as are typically formed by oomycetous 
fungi, can certainly serve individually as effective inocula. Mycelia of 
some root-infecting fungi that are also soil saprophytes (ie., soil-in- 
habiting fungi, scnsti Garrett, 1950) can grow through the soil from one 
saprophytic substrate to another, and this growing mycelium can act as 
effective inoculum for parasitic invasion of living roots. Mycelia of more 
specialized pathogens (i.e., root-inhabiting fungi, sensti Garrett, 1950) 
can sometimes grow out from an infected root through the soil, although 
root infection occurs more commonly through actual contact with another 
infected root or with a dead infected root containing still viable mycelia 
of the parasite. Lastly, mycelia of root-infecting fungi may be organized 
into multicellular resting bodies (sclerotia) or into organs of migration 
and infection (mycelial strands and rhizomorphs ) . All these can act as 
effective inocula, and an attempt will be made later on to explain the 
significance of this diversity. 

Finally, a single “infective virus particle" may, at least for certain 
possible sites of infection, be able to act as an effective inoculum. Until 
the advent and development of the electron microscope some 20 years 
ago, the properties of infective virus particles had to be inferred from 
various kinds of observations and experiments; the surprising accuracy 
of many or even most of these inferences has since been proved by “the 
evidence of things seen” under the electron microscope. 

B. Effective and Ineffective Inoculum 

Despite the efforts of a few outstanding investigators, who were the 
sole pioneers in earlier centuries, the origins of plant pathology as an 
organized science can be traced back to /ust over a century ago Not 
until recently has this science found an historian truly worthy of it — in 
E. C. Large ( 1940 ) , whose work has been as important for plant patholo- 
gists as any of the events he has described with so much insight. Com- 
paratively recent in this history has been the concept of “effective inocu- 
lum.” The earliest diseases to be investigated, which indeed have con- 
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tinued to claim much attention ever since, were 


the rusts, mildews, and 


tmuea to ciuim niuv-n ' 

bliRhts o£ the foliage and shoot system. Tl.eso diseases were not only 
the most obvious even to the inexpert eye, but also-and more important 
-sporulating fungal mycelia could be seen on the infected foliage, to 
associate a possible cause (the visible fungus) with an observed effect 
(the disease), still required from the pioneer plant pathologists a dilh- 
cult conquest of traditional opinion, first in themselves and later in 
others, and the required proof was then not easy to obtain. But once this 
proof had been obtained for a few diseases, it was not difficult to show 
that for many more, air-borne fungal spores constitute the inoculum. 
For the great majority of such air-bome fungal diseases of the foliage, 
therefore, the only Vnown moculum was effective inoculum, and the 
question of effectiveness never presented any problem. 

For root-disease investigators, on the other hand, the problem of what 
constitutes an effective inoculum arose as a very practical and immediate 
difficulty in the way of further research. In order to determine the cause 
of an unloiown disease suspected of being caused by a pathogen, it was 
necessary to satisfy Koch’s postulates, the third of which requires ex- 
perimental reproduction of the disease by inoculation with a pure cul- 
ture of the suspected pathogen. Unfortunately for many pioneer root- 
disease investigators artificial reproduction of diseases by inoculation 
proved unexpectedly difficult. Thus, through its constant association 
(Koch’s first postulate) with cotton plants suffering from Texas root rot, 
a species of Ozonium (now known as Fhynuitotrlchum omnivontm) was 
correctly described as the cause of this disease by Pammel in 1890. Yet 
the first successful experimental inoculations were not reported until 33 
years later by King (1923), and by Taubenhaus and Killougb (1923). 
One of the most important, and since then, most studied root diseases 
in the world had thus to wait a third of a century before formal proof 
of its causation was obtained and before experimental work with arti- 
ficial inocula could begin. It is interesting to note that these first suc- 
cessful experimental inoculations were made either with natural inocula 
or with artificial inocula closely simulating the natural product. Thus, 
King employed both naturally infected cotton roots and sterilized cotton 
root lengths inoculated with P, omnivoTum whereas Taubenhaus and 
KiUnugh used pure cultures of the fungus on sterilized lengths of cotton 
root and mulberry stem. Indeed, the history of root disease investigation 
abounds with illustrations of the precept that, in experimental work it 
»s advisable to begin by creating artificial situations as similar to the 

situation as the requirements of experimentation will permit. 
Tins, and many of the other difficulties and puzzles encountered by early 
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root-disease investigators, can now be ascribed to the very artificiality 
of the experimental situations that they themselves created. 

In particular, it was the root diseases of tree crops that presented the 
greatest difficulty in successful inoculation. Final solution of the problem 
would certainly have been delayed bad it not been for the acute field 
observations of Fetch (1921) who, working in Ceylon, seems to have 
been the first to emphasize the importance of a “food base” for any 
fungus invading tree roots. The final solution of the problem was really 
achieved by De Jong (1933), who compared natural inocula of Fames 
lignosus with a variety of artificial inocula on the roots of rubber trees 
Successful, progressive infections were obtained only by the use of 
naturally or artificially infected wood, and with these only if the actual 
volume of the inoculum xvas sufficient De Jongs paper was followed by 
a very timely article by Gadd (1936) on the importance of the food base 
for infection of tree roots by fungi. 

Our present ideas as to what constitutes an cflfective inoculum for the 
establishment of any particular host-pathogen relationship, although de 
rived in the first instance from observations and experiments on fungi 
infecting tree roots, probably have a fairly general application and may 
be summarized as follows For successful invasion and progressive in- 
fection of the host, the pathogen requires a certain minimum invasive 
force, which must be supplied by the inoculum until a progressive and 
self-supporting infection is established. This invasive force is required 
first of all for the penetration of passive host defenses, i e , the cuticle 
or cork barrier, and then for early growth in host tissues that may be far 
from an ideal culture medium for the parasite. It is unnecessary here to 
discuss the nature of “active host resistance” (see Chapter 12 of Volume 
I), but the effect of it is to make the host tissues unFavorahh For growth 
and eventually even for the survival of the invading pathogen But it is 
helpful to recall here Browns (1922b) generalization from his investiga- 
tion into the germination and growth of various mold fungi in different 
concentrations of carbon dioxide He concluded that the inhibiting effect 
of carbon dioxide was greatest when the energy of growth of the fungus 
was least It seems likely, therefore, that for invasion of host tissues 
offering an unfavorable growth medium for a particular pathogen, a 
higher invasive force will need to be generated by the inoculum than 
for invasion of more congenial host tissues. We can push speculation 
yet one step further by suggesting that the invasive force whicJi the 
inoculum must supply is hkely to reach its minimum values in sym- 
biotic host-parasite relationships, such as those m eclotrophic my- 
corrhizas and in the legume nodule association with species of Rhizo- 
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bium, because in symbiosis the microorganism does not encounter, or 
does not provoke, so active a host resistance as occurs m less wet - 
adjusted host-parasite relationships. 


11. Inoculum Potential 


Like most other useful descriptive phrases the term inoculum poten- 
tial” has been used by different authors at different times with various 
shades of meaning In its widest meaning, for instance, it is possible to 
speak o£ the inoculum potential of Phytophthora infestans increasing 
during the development of an epidemic of potato blight. Used thus, it 
IS self-explanatory and scarcely needs a precise definition. This general 
concept of inoculum potential has an important application in the sphere 
of fungicidal action, as was emphasized by Horsfall (1945, p. 13). ku 
one usage of this phrase, Horsfall equates “inoculum potential with 
"spore load,” by reference to Heald's (1921) demonstration of the 
relationship between spore load and the development of bunt, caused by 
Tilletia canes and T foetida, m wheat; the relevance of this to fungicidal 
treatment, as Horsfall has explained, is that the higher the load of bunt 
spores, the heavier must be the seed dressing of fungicide to ensure com* 
plete protection. On the same page, Horsfall also conveniently illustrates 
a wider usage of “inoculum potential,” similar to that illustrated above by 
the reference to Phytophthara infestans, he cites the definition given by 
Zentmyer and associates (1944), of “inoculum potential" as the equi- 
librium between number of hosts, number of spores, randomness of host 
distribution, and weather factors. Horsfall expands this as follows: “If 
the hosts are few and scattered, the pathogen spreads slowly, the poten- 
tial amount of disease is small and amount of fungicide required is small. 
When the hosts are congregated as in orchards, groves or fields, they are 
sitting ducks to the pathogens, the potential amount of disease is large, 
and the amount of fungicide required is large.” 

Despite these various already current usages of the term “inoculum 


potential, it was deemed by Garrett (1956a,b) to be so apt an expression 
for the one essential characteristic of inoculum, i e., the degree of its 
infectivity, that he redefined it for use in a restricted sense thus: inocu- 
lum potential may be defined as the energy of growth of a pathogen 
available for infection of a host at the surface of the host organ to be 
infected. For the remainder of Ibis chapter, therefore, the term “inoculum 
potential will bo used with the implied addition “sensu Garrett, 1956”; 
like the addition of an authors name to that of a species, this arrange- 
ment IS designed primarily to avoid confusion. 

Tlio inoailum potential of a pattiogen may be increased in either or 
both of two ways, (a) Increase in the number of infecting units or 
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propagules of the pathogen per unit area of host surface Such propa- 
gules may be, for mstance, cells of bacteria, germ tubes of fungal spores, 
individual fungal hyphae of unorganized myceha, or hyphae organized 
into mycelial strands or rhizomorphs (b) Increase in the nutritional 
status of such units Evidence for the view that there is a critical level of 
inoculum potential for the establishment of any particular host pathogen 
relationship under any given set of environmental conditions is as follows 
First, inoculation experiments with some diseases have shown that the 
percentage of visibly diseased hosts declmes with decreasing concentra- 
tion of free infective propagules m the inoculum, when the concentration 
of propagules falls below a certain critical level, no hosts may develop 
disease symptoms Second, m some diseases caused by fungi, the occur- 
rence or not of successful infection from a mycelial inoculum is deter 
mined by the volume and nutritional status of the inoculum Third, in 
certam diseases caused by root mfectmg fungi, infection seems to be 
successfully accomplished only by means of mycelial aggregates (my 
celial strands and rhizomorphs) 

III Mechanism of Inoculum Potential 

A Mechanism of the Inoculum Potential Efecf with Varying, 

Concentration of Free Infective Propagules 

This effect can be demonstrated by a procedure known as an infec 
tivity titration as follows Let a strong concentration of infective propa 
gules be prepared in water or m some suitable aqueous medium, this 
initial suspension is then serially diluted until a very low concentration of 
propagules is obtained m the medium Vnilorm sets of host individuals 
are then inoculated U7th the ongmal suspension of infective propagules 
and with each of the dilutions made from it The percentage of host 
individuals manifesting disease symptoms in the sets thus moculated will 
decline with progressive dilution of the original suspension of infective 
propagules until a dilution is reached below which no host individuals 
manifest disease symptoms as a result of inoculation This dilution is 
termed the “dilution end point ” Such infectivity titrations are suitable 
for those host pathogen combinations m which infection is manifested 
by means of a quantal (all or none) host response, eg, production of a 
lesion or any other clear ait symptom of disease, or death of the whole 
host individual 

Tlie results of such infectivity titrations have been mterpreted in tivo 
ways (a) that out of a number of infective propagules inoculated only 
one will be both capable of causmg infection and of having the oppor 
tunity of doing so, (b) that no single propagule by itself is capable of 
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initiating a successful and progressive infection, wliich can only be 
produced by synergistic action of a minimal number of propagulcs in* 
fecting the host togetlier. The two hypotheses have been termed the 
hypothesis of independent action and the hypothesis of synergistic 
action, respectively (Meynell and Stocher, 1957). 

If we assume that infection occurs through independent action by 
one propagule alone, then we can imagine the extreme case in which 
infection from every propagule is certain to occur, and we can say tliat 
the probability of infection, p, equals unity (p = 1). In this case, if we 
inoculate 100 host individuals with one propagule each, then 100 in- 
dividuals will be infected. Almost always, however, p is < 1, but this 
situation is still compatible with llic hypothesis of independent action 
and can be explained as follows; (1) in any population of propagulcs, 
only a proportion may be even potentially infective, i.e., having an ade- 
quate infectivity for independent establishment of a successful infection; 
(2) of these potentially infective propagulcs, only a proportion, once 
again, may successfully germinate on the surface of the host; germin- 
ability is controlled both by internal factors (degree of ripeness) and by 
external factors (environmental); (3) of those propagulcs that success- 
tully germinate, only a portion, once more, will succeed in infecting the 
host depending on position effects which will determine the degree of 
stnnulus by the host, opportunity for penetration (e.g., through stomata 
L?, *0 degL of host 

intls^tL^Zre "" of 

the WedLCnf* ^>^“Sistic action, on the other hand, implies that 
quaSll hesfrest, J”® « inadequate for the produLn of a 

Sot no W ™ ™ to make the 

nor wi*“ P™Paguln. 

This hypothesis of svne Inas than the minimal effective dose. 
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propagulcs to a certain IcvoF ?P|'“tive inoculum potential of the 
host response is elicited by inocuto™ ^Su^h'"'*™ “ quantal 

is thus strictly analogcus to the mo 1, ® mechanism of infectivity 

to the administration of drues nr • which a quantal response 

least number of mollfe'lXr^ *e 
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that of a poor marksman firing at a bottle. Since his aim is poor, the 
bottle is unlikely to have been broken after a small number of shots has 
been fired but if he persists he will probably hit the bottle eventually. 
A local observer might be aware that the bottle was broken by the action 
of one bullet. On the otlier hand, a distant observer, informed only of the 
total number of shots fired before the bottle broke, would not be able to 
exclude the hypothesis that the breakage was due to the accumulated 
stresses produced by all the htillets fired.” At present the technical diffi- 
culty of observing the infection behavior of individual bacteria (and a 
fortiori of virus particles) is so extremely great as to make a solution of 
tliis problem by direct observation experimentally impracticable. For tlie 
present, therefore, bacteriologists and virologists must remain in the 
position of Meynell and Stocker's distant observer. 

The first paper to attract the attention of plant pathologists to this 
problem seems to have been that by Heald (1921) on the relation of 
spore load to the development of bunt in wheat. This paper has been 

TABLE I 

Rei:.ation between Spore Load of Artificially S^^^TED Wheat Grain and 
Percentage Smut in the Crop Gno^vN from It“ 

With spring wheat, vanefy Marquis 


Wt. smut ( gm. ) 
per 100 gm grain 

No. spores 
per grain 

% Smutted 
plants^ 

% Smutted 
ears ® 

0 

104 

0 

0 

0 005 

333 

0 

0 

0 01 

542 

0 

0 

0.1 

5043 

7 

2 

0 25 

19687 

15 

8 

05 

34937 

1 

03 

10 

59229 

25 

S 

20 

96958 

56 

16 

30 

183375 

15 

9 


“From Heald, 1921. 

^ Percentage figures are given here to the nearest whole number. 


widely quoted, and its practical impb'cations have been fully appreciated 
(Horsfall, 1945), but the more fundamental problem to which Heald 
drew attention has been subsequently ignored by mycologists. Table I 
is reproduced from Heald’s paper. 

The following passage from Heald's paper seems to be tlie first formu- 
lation by a plant pathologist of the hypothesis of synergistic action: Tt 
seems to have been the general opinion of plant pathologists that in- 
fection of a wheat plant with bunt might be accomplished from a single 
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spore, but our results seem opposed to such an idea Food for tlioubbt 
should be found in the fact that a considerable number of spores per 
gram may not be sufficient to cause any infection At present, two pos- 
sible explamtions may be suggested Either what we may term a mul- 
tiple infection occurs, tint is an infection m which a number of spores 
participate, or there is a chemical mass effect due to numbers of spores, 
and infection may then be from a single infection thread 

B Interpretatton of Infectioxtij Titrations and Other Infection Data 
Obtained with Bacteria and Viruses 
By plotting graphically the results of an mfectivity titration, it may 
be possible to decide from the form of the dose response curve which 
hypothesis — that of individual action or that of synergistic action — is m 
better accord with the experimental results Units of dose (le , number 
of infective propagules) are plotted along the x axis, and the proportion 
of hosts giving a quintal response to inoculation is plotted along the tj 
axis Interpretation of the results is facilitated by plotting the loga- 
rithms of doses against the proportions of hosts giving a quintal response 
expressed in units termed “probits’ (Bliss, 1935) Tlie resulting curve is 
called the log dose probit-response curve Plant pathologists can find 
a clear and simple exposition of the principles underlying these various 
forms of the dose response curve m Horsfall’s (1956) “Principles of 
Fungicidal Action ’ Those who wish to go more deeply into the statistical 
theory of these tests should consult ‘Probit Analysis” by Finney (1952) 

It will suffice to say for our present purpose that if the slope of the dose 
response curve significantly exceeds a value of 2 the experimental re- 
sults are incompatible with the hypothesij, of independent action by 
infective propagules, and synergistic action must be involved (Peto, 
1953) If the slope is less than 2, however, this does not exclude the 
possibility of synergistic action because a curve of shallow slope can be 
produced by synergistic action if the variation m resistance of the host 
population IS sufficiently wide This difficulty is not necessarily insuper- 
able, however since it is often possible to select host populations for 
uniformity of response and in other ways to decrease variability Never- 
theless evidence for one hypothesis or the other based solely upon the 
results of such mfectivity titrations, is not considered absolutely con- 
clusive since the theory of the statistical method is based upon various 
biological and mathematical assumptions that can be questioned For 
this reason investigators have sought other kinds of evidence that will 
help m discriminating between the hypotheses of independent and 
fSlmf mfeclion, as we shall see from the examples to 
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Examples to illustrate the use of these experimental techniques will 
be taken from a series of papers by Meynell and his collaborators, which 
can be particularly recommended for the clarity of their exposition in 
modes of thinking that are difficult for many biologists (Meynell, 1957a,b, 
Meynell and Meynell, 1958; Meynell and Stocker, 1957). In the first of 
these papers Meynell and Stocker (1957) reported two quite distinct 
lines of ex-perimentation in which mice were inoculated with Salmonella 
paratyphi B and S. iyphimurium, respectively, for the purpose of dis- 
criminating between these two hypotheses. 

The slope of the dose-response curve was determined by the first 
method. From the hypothesis of independent action it was expected that 
the slope of the log-dose ; probit-mortality curve would be 2 if the popu- 
lation of host organisms were homogeneous for resistance or less than 2 
if the host population varied in resistance. A slope of more than 2, on the 
other hand, would indicate synergistic action. The slopes of the actual 
log-dose : probit-mortality curves calculated from the data obtained by 
Meynell and Stocker were 1.81 for Salmonella paratyphi B and 0.66 for 
S. typhimurium; these slopes are thus compatible with the hypothesis of 
independent action and show further that the test populations of mice 
differed in the degree of their resistance to S. typhimurium and possibly 
also in that to S. paratyphi B. 

The second method employed by Meynell and Stocker was one 
originally devised by Kunkel (1934) working with tobacco mosaic virus 
and its aucuba mosaic variant. For this method, two variants of the 
selected pathogen, which differed only m some stable “marker” character- 
istic, unrelated to virulence, had to be isolated. These two variants were 
then mixed in equal proportions to give an inoculum, which was next 
progressively diluted so that a suitably wide range of host response was 
obtained after inoculation with the different dilutions, at the conclusion 
of the experiment, all hosts that died were sampled for their terminal 
microbial populations. The prediction of the hypothesis of individual 
action for this experimental set-up is that with doses of less than one 
LDso most of the fatally infected hosts wxU die as a result of tlie multi- 
plication of a single bacterium, and each should yield a sample at 
analysis containing only bacteria with the same marker characteristic. 
Hosts dying after inoculation with doses of many LDsn, however, will 
have been killed by the multiplication of many bacteria present in tlie 
original inoculum, and so samples from sudi hosts should yield the two 
bacterial variants in about equal proportions as in the original inocu- 
lum. Tiiese predictions were largely fulfilled by the actual data obtained 
by Meynell and Stocker, although many dying mice inoculated with a 
dose of less than one LDjo contained not one variant alone, as predicted 
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by the hypothesis oE independent action, but instead an excess of one 
vLiant with a small proportion (approximately 0.2 or less) o£ the other. 
The appearance of this minority of the second variant was attributed 
by Meynell and Stocker to a terminal breakdown in liost resistance, 
which might be expected to permit multiplication of some bacteria from 
the original inoculum that had survived in the host without being able 
to infect the tissues and multiply at an earlier stage of higher host re- 
sistance. A supplementary experiment with a lethal dose of Salmonella 
typhimurium mixed with a nonlelhal dose of S. paratyphi B demon- 
strated this possibility, the dose of S. paratyphi B was so small that it 
was unlikely to have caused either death or bacteremia if inoculated by 
itself, yet S paratyphi B appeared in the final blood samples. 

Meynell and Stocker have, therefore, concluded that their results are 
best explained by the hypothesis of independent action of infective 
propagules. A further application of the second method (i.e., the one 
originated by Kunkel) was also used by Meynell (1957a), who selected 
as his two variants of Salmonella typhimurium a streptomycin-sensitive 
(Str.") and a streptomycin-resistant (Str. *) strain, which could be dis- 
tinguished at the final analysis by plating blood samples on nutrient agar 
and on streptomycin agar, respectively. The essential modification of 
KunkeVs original method for this experiment lay in the fact that one 
variant (the Str. *) was deliberately chosen for the sake of its slow growth 
in the host, as compared with the relatively rapid growth in utoo of the 
other variant (the Str.'), As had been anticipated, post-mortem blood 
samples of the mice inoculated with many LDjo doses of the two vari- 
ants in equal proportions contained an excess, and sometimes even a pure 
culture, of the Str. ' variant — ^with the faster growth rate in vivo. But 
with doses of less than one LDjo Meynell actually obtained only the 
slow-growing Str. * variant from many of the mice. He therefore con- 
cluded; “Hence, the bacteria which initiated the fatal infection in these 
mice must all have been Str. * and their number must have been quite 
small (say, less than 10), or else at least one Str. “ bacterium would have 
been included and its progeny would have been present in the heart 
blood post mortem. It seems implausible to suggest that a fatal infection 
can only he initiated by the cooperation of such a small number of 
bacteria; so that it seems justifiable to conclude that it could have been 
.mtiated by only one baoterium. This implies that the baeteria were act- 
ing independently as postulated by the hypothesis of independent ac- 
tion, which therefore applies to this system.” 

of of *0 hypothesis of independent action 

tlicorrtieal Propagu es has been presented by Meynell (1957b) in a 
tlieorct.cal paper reviewing tlie results of other workers and also dLcrib- 
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ing two other tests designed to provide independent evidence for or 
against tlie hypothesis. Results of infectivity titrations with eleven animal 
viruses, with several plant viruses, and with nine bacteria pathogenic to 
animals have been analyzed and tabulated by Meynell, who has con- 
cluded that nearly all the dose-response curves here examined are com- 
patible with the prediction of the hypothesis of independent action. 

Tile first of the other two criteria that have been devised to test this 
hypothesis depends upon the observation that in most infection systems 
an increase in dosage of the infective propagules constituting the inocu- 
lum shortens the latent period between inoculation and host response. 
Meynell has pointed out that if most responses to doses not exceeding 
the LD 50 are due to the multiplication of a single infective propagule, 
then the latent period should tend to become constant for doses below 
the LDso. Such data as are available on variation of latent period with 
dose agree with Meynell’s prediction from the hypothesis of independent 
action. 

The second recent test involves comparison of the guantal response 
to a given number of infective propagules presented in one dose with 
response to the same number of infective propagules divided among 
smaller doses which are inoculated either simultaneously at different 
sites or at different times by the same route. The hypothesis of inde- 
pendent action predicts that the proporUon of hosts responding to a 
given dose of infective propagules will be the same whether or not the 
dose has been divided, Afeynell records the occurrence of this predicted 
result from each of the hvo tests that have been made. 

The balance of evidence thus seems to be adverse to the alternative 
hypothesis of synergistic action by infective propagules. This hypothesis 
has no doubt proved attractive to animal pathologists familiar with the 
analogous type of pharmacological titration with drugs and poisons. Drug 
and poison molecules are not self-reproducing, and there can be little 
doubt that s>7iergism beriveen molecules must be responsible for pro- 
duction of a quantal host response at doses equaling or exceeding the 
minimal effective dose. Tlio essential distinction bet^veen infectiv’e propa- 
gules and dnig molecules is that infective propagules are self-reproducing 
within the host, whereas dnig molecules arc not. In the eventual pro- 
duction of a quantal host response, however, there is more of simll.arily 
than of difference behveen the action of infective propagules and that of 
dnig molecules. In each cn«c n quantal host rrspon^e requires for its 
elicitation n minimal number of dnig molecules, on the one hand, and 
a minimal volume of active microbial protoplasm, on the other. Instances 
are certainly kno\Mi in \\hic!i a quantal host rosj)on«e ran he prcMlucnl 
by a volume of active rnicrobi.al protoplasm, scarcely or not at all ex- 
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ceeding that in the original infective propagule. The example most 
familiar to plant pathologists will be the “infection flecks ptst visible o 
the naked eye, produced by the hypersensitive reaction of a highly 
resistant lea! to attempted invasion by the germ tube of a rust spore. 
Much more commonly, however, the volume of active microbial proto- 
plasm required for production of a quantal host response is a lig i 
multiple of that contained in the original infective propagule. This com- 
parison between units of active microbial protoplasm and drug or poison 
molecules becomes closer when we consider those infections in whic i 
production of disease symptoms can he confidently ascribed to the libera- 
tion of a toxin by the pathogen in oioo (Dimond and Waggoner, 1953); 
this seems now a reasonable assumption for the vascular wilt diseases of 
plants if the term “toxin” is used in an inclusive sense to embrace all pos- 
sible agents, includmg enzymes As Miles (1955) has pointed out, evidence 
for mediation of the disease syndrome by a toxin, and by that alone, is 
most complete among animal diseases in the case of tetanus, caused by 
Clostridium teiani 


We can therefore conclude that synergism is involved in production 
of a quantal host response to infections as well as to intake of drugs and 
poisons. The essential distinction between these two phenomena depends 
upon the fact that infective propagules are self-reproducing within the 
host tissue, so that synergistic effects in infection usually follow, but do 
not necessarily precede, initiation of an infection. This is merely to state 
a familiar truth in other words, infection is a continuous process in which 
host resistance has continually to be overcome by the momentum of the 
pathogen, otherwise arrestment follows A certain inoculum potential 
of the pathogen, which may be provided by a single infective propagule, 
is necessary for successful initial invasion of the host tissues, m subse- 


quent phases of the infection the momentum of the pathogen must be 
maintained at a sufficient level if infection is to continue. For the success- 
ful continuation of an infection, therefore, momentum of the pathogen 
plays just as critical a role as does inoculum potential in the original 
initiation of that infection. The successive obstacles to be surmounted by 
the pathogen during successive phases of an infection are well illustrated 
in a recent study of the infection by Verticillhim albo-atrum of sus- 
and resistant varieties of hop (Talhoys, 1958a, h). This idea of 
infection as a continuous process, in which the pathogen may have to 
survive hazards other than those imperiling initial accomplishment of 
infection has been expressed by Miles (1955) as follows: “During the 
course of an infection from primary lodgement of the parasite to death 
of the host the moment when the number of infecting organisms is 
critical, m the sense of determining death, may in some diseases occur 
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at the primary lodgement, when we put in the counted dose, but in 
others it may take place much later, when some virulence factor, up to 
this point useless in promoting infection, becomes effective.” 

C. Infectivitij of Individual Fungus Spores 

Indisputable proof of the infectivity of individual spores in some 
fungal pathogens has been incidentally provided by the many mvesti- 
gators who have followed in the wake of E. C. Stakman and his col- 
laborators in their study of the biotypes of rust fungi. It is obviously 
necessary that each culture of a rust fungus should be initiated from a 
single spore; since the rust fungi are obligate parasites and have to be 
cultured on the living host plant, each culture must be established by 
carefully controlled single spore inoculation. The percentage success 
obtained in such single spore inoculations is clearly relevant to this 
general discussion of the infectivity of individual propagules, and two 
examples from the recent literature will sufBce for illustration. Manners 
(1950), working with yellow rust of cereals and grasses, (caused by 
Puccinia glumarum) states: “Under optimum conditions, 55% of the 
spores inoculated caused infections.” Griffiths (1958), working with 
Puccinia coronata avenae causing crown rust of oats, reports: “It was 
necessary to make a number of single spore inoculations from each 
collection, since even under optimum conditions less than 20% caused 
infection.” Mr. D. J. Griffiths has kindly supplemented this general state- 
ment by providing unpublished figures for twelve series of single spore 
inoculations, which are given in Table II. 

Such single spore inoculations, albeit made for quite a different 
purpose, thus represent the most substantial and direct contribution by 
mycology toward the solution of the problem under review, i e., inde- 
pendent or synergistic infection by individual propagules. Nevertheless, 
the indirect approach that has been forced upon virologists and bac- 
teriologists has recently attracted some mycologists. Thus, a technique 
for infectivity titrations with spores of leaf-infecting fungi has been 
developed by Last and Hamley (1956), using eonidia of Botrytis fabac 
on leaflets of broad bean (Vida faha). The technique was closely modeled 
on the local lesion method originally devised by Holmes (1929) for 
infectivity titrations with plant viruses, and incorporates the experimental 
and statistical refinements designed both to increase precision and to 
permit analysis of residual variability (Bawden, 1950). Tiic dose- 
response curx’cs obtained by Last and Hamley for the plot of local lesions 
per half-leaflet against concentration of B. fabac eonidia in the inoculum 
arc compatible with the hypothesis of independent action of the eonidia 
in their initiation of the primary’ infections. Tlicse primary infections 
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resulted m development, within 24 hours, ot the full ''™bor of local 
lesions obtainable with any particular concentration of ■ 3 '^, ^ 
For any population of spores that arrives at, or is placed ' 

surface ofl host leaf, only a portion will germinate, ‘''““e""’?-!!! fs 
snores only a portion, once more, will he so situated that in cc 1 
possible. And ot these, only a portion, again, will possess the 
Lgree of infectivity to initiate a suceessful, progressive infection, ine 
degree of infectivity that is necessary for achievement of infection is 
determined by the level ot host resistance, and is therefore not an a so 


TABLE It 


Pekokntage Success in Estabusiunc Cm.-tuncs or Piiccliilo coronoto auenoe 
moiil SiNGlX StOTtE. 0>eTS‘* 


Year of 
collection 

No single spore 
inoculations made 

No single spore 
cultures established 

Per cent 
success 

1948 

34 

3 

9 

1949 

40 

18 

45 

1949 

30 

12 

40 

1949 

32 

5 

16 

1949 

28 

4 

14 

1949 

30 

D 

20 

1949 

34 

5 

14 

1950 

31 

6 

19 

1950 

36 

4 

11 

1950 

30 

3 

10 

1950 

37 

6 

16 

1950 

36 

5 

14 


® From unpublished data made available by D. J Griffiths 
lute quantity for any given host-pal^ogen combination, because host 
resistance varies from one individual host plant to another of the same 
species, from one leaf to another on the same plant, and even from one 
part of a leaf to another. This variability is recognized in inoculation 
with plant viruses for the production of local lesions, and is minimized 
by the use of the half-leaf method with its ancillary refinements. 

The use of the terms “infective” or “noninfective” to describe either 
the potentiality or the actual behavior of a fungus spore is merely a 
brief way of saying that the individual inoculum potential of that spore 
is or is not adequate to overcome host resistance and so to initiate a 
successful infection. The degree of infectivity among any population of 
fungus spores can vary over a wide range in the same way as can size 
or any other characteristic. Other things being equal, large spores will 
contain greater reserves of nutrients, and are hence likely to have a 
higher degree of infectivity than have smaller spores of the same kind. 
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But any particular spore may be infective in one situation and non- 
infective in another, depending upon the level of host resistance that it 
chances to encounter. Moreover, at any particular site of infection host 
resistance does not remain constant, but may either fluctuate or trend 
progressively in one direction. In senescence, for instance, host resistance 
declines progressively with the gradual approach of death in the tissues. 
A fungus spore may thus be characterized by a degree of infectivity that 
is inadequate for infection of host tissues in their prime but may yet be 
quite sufficient for infection of senescent tissues. 

An important ecological niche is indeed occupied by the fungal para- 
sites of senescent plant tissues. Many of these fungi have a wide host 
range, if their invasion of damaged or debilitated tissues can be dignified 
by such an expression; many of them are remarkably widespread and 
common fungi, despite the fact that their activity may he delimited on 
one side by the virtual immunity to infection of host tissues in their 
prime, and on the other by the greater competitive saprophytic ability 
of many obligate saprophytes in the competition for colonization of dead 
plant tissues. 

The best-kno\vii and most widely studied of these fungal invaders of 
senescent tissues is Botrytis cinerea, causing the gray mold disease. Its 
spores can infect wounded, damaged, or senescent tissues, and also 
poorly cuticularized plant parts such as the petals of flowers. Some of 
the earliest observations and experiments relating to what we can now 
term the inoculum potential of spore populations were made with this 
fungus. Thus Brooks (1908) found that spores of B. cinerea sown in 
water on healthy green leaves of lettuce were unable to infect, neverthe- 
less, if tlie spores were left in situ until the leaves started to turn yellow- 
in senescence, then infection eventually occurred. Brooks further showed 
that if spores were sown on healdiy green lettuce leaves in a nutrient 
solution (eg., grape juice) instead of in water, then infection quickly 
followed. This observation was later confirmed by Brown (1922a), 
working with the same fungus on the leaves of broad bean (Vicia faha) 

It seems reasonable to ascribe the increased inoculum potential of a 
spore population sown on the leaf in nutrient solution to a direct efl^ect 
of the nutrient on the infectivity of individual spores. There can be 
little doubt that such a direct effect must occur, but Brown further 
observed that another effect of the nutrient solution was to increase 
substantially the number of spores actually germinating on the leaf 
surface; an external supply of nutrients thus also increased (in military 
parlance) the “number of effectives.” Although Bro\vn, under the con- 
ditions of his experiments, failed to get appreciable infection of Vida 
fflba by spores sown in water on the leaves, Wilson (1937) successfully 
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achieved this; his success can probably be attnbuted to the use of spore 
suspensions more concentrated than those employed by Brown. ^ 

Infection of healthy and vigorous green tissues by Bofryhs^ cincrca 
will occur if, and only if, the inoculum potential of the fungus is raised 
to a sufficient level, such as can be provided by a substantial food base 
in the form of a corpus of infected tissue. In the field this can occur 
through the falling of infected flowers onto green leaves, or hy contact 
of green leaves with infected senescent leaves; infection of the green 
leaves follows such chance contacts. In the glasshouse the requisite 
inoculum potential for infection can be secured cither by sowing a 
suspension of spores on the leaf in a suitable nutrient solution, as was 
done by Brooks and later by Brown, or by using a sufficiently concen- 
trated suspension of spores in water, as was employed by Wilson. Such 
relatively dense populations of spores are unlikely to be deposited on 
leaves in the field as a result of wind dispersal, however, and this con- 
sideration reveals a weakness in Wilson’s claim from his glasshouse 
inoculations that Botrytis cinerea is the chief cause of the chocolate spot 
disease of beans in the field. Wilson’s claim was indeed later refuted by 
the extensive field work of Leach (1955), who found that a more 
specialized pathogen, Bofryfis fahae, was much the more widespread and 
important cause of the disease in Britain. Chocolate spot due to B. 
cinerea, which can fittingly be termed “Wilson’s disease of broad beans,” 
can easily be produced in the glasshouse, but seems to bo relatively 
uncommon in the field. 


Sufficient studies have already been made of the infection of senescent 
plant tissues by such pathogens as Botrytis cinerea to suggest that every 
species of green plant has its characteristic fungal invaders of shoot and 
root systems as resistance to infection falls during senescence. One 


particular example of this failure to establish a progressive infection 
before onset of senescence, which was first described more than 30 years 
ago, is the occurrence of “latent infection” in unripe fruits. This has 
attracted much attention on account of its economic importance, but 
references to two recent papers will suffice for illustration and as a guide 
to the earlier literature. One such type of latent infection is that of green 
banana fruits by Gloeosporium musarum. Chakravarty (1957) showed 
that if hard green banana fruits were inoculated with conidia of G. 
musarum, the conidia produced germ tubes and appressona, and the 
caiUcle of the fruit was penetrated by infection hypbae, which developed 
briefly betu-een the cuticle and the outer cellulose wall of the epidermis 
and then hewme quiescent. Tliis confirmed the earlier observations of 
Simmonds (1940) for latent mfeclions of banana, papaw, and mango As 
ripening of the fruit reached a certain stage, the quiescent infection 
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hyphac of G musarum resumed activity, infection developed at first 
intercellularly and then intraccllularly to give the characteristic super- 
ficial lesion of anthracnose Chakravarty compared germination of G 
musarum conidn in the juice expressed from skins of green and yellow 
bananas respectively, she found that the juice of green skins exercised an 
inhibiting effect which, by reference to the earlier work of Bamell and 
Bamell (1945) she ascribed to tannin 

Such latent infections have an important bearing on the practical 
problem of disease control, as demonstrated by Wade (1956) for bro^vn 
rot of apricots caused by Sclerotmta fnicttcoJa Microscopical examma 
lion of unripe fruits revealed conidia of S fructicola lying within the 
stomatal cavities, some of these conidia had germmated and then in 
fecled the cells surrounding the cavity, but no further penetration of the 
fungal hyphae had occurred in the unnpe fruit Wade was able to 
demonstrate the out^vard diffusion of an inhibiting substance from the 
skin of green apricot fniits placed upon agar and the absence of this 
inhibitor from the skin of npe fruits He further demonstrated that 
spraying of apricot trees with a protective fungicide must begin at the 
petal fall stage if development of broNvn rot— at first on the tree but later 
and more extensively m storage — is to be avoided 

The foregoing review of evidence on the infection behavior of 
Botnjtis ctnerea and of some similar pathogens thus suggests that the 
infectivity of the average spore is adequate for infection of senescent, 
debilitated, or damaged tissues, although not for mfection of green tis 
sues in full vigor Neither this nor other evidence for air borne fungi 
conflicts with our logical expectation that the mfectivity of the average 
spore should be adequate for infection of its natural host plants, pro 
vided the spores are dispersed mdividually Dispersion of individual 
spores by air or water must make opportunities for synergistic infection 
a rare occurrence m nature, except m the immediate vicinity of the in 
fected host plant serving as a source of spores The rapid dilution of a 
spore cloud with increasing distance from its source has been calculated 
and discussed by Gregory (1945) The conclusion that the mfectivity 
of the average air or water borne fungal spore is adequate for mfection 
of Its natural host plants therefore seems mescapable, the alternative 
conclusion that inoculum is produced and then dispersed to a limit 
beyond its mfectivity seems impossible to accept The general conclusion 
thus attained is not affected by the observation that by artificial concen 
tration of a sporal inoculum it is possible to cause a parasite to infect a 
host that IS usually resistant to natural loocula, eg, by inoculation of 
healthy green leaves of Wcw faba ^vith a concentrated spore suspension 
of Botnjtis ctnerea 
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While admitting that during the evolution of dispersal spores m 
fungal pathogens a lower limit to spore size must have been imposed by 
the requirements of infectivity, it is also relevant to note that the dimen- 
sions of such dispersal spores may have been determined by various 
aerodynamic requirements in addition to the most obvious one, namely, 
that they have to become truly air-borne. In a discussion of unusual 
interest Gregory (1952) has suggested tliat the evolution of spore size 
in some air-borne fungi has led to a compromise between the conflicting 
requirements for efficient landing on the chosen aerodrome (i.o., for 
pathogens, the stems, leaves, or stigmas of the host) and for successful 
initial penetration of the herbage among which spores arc produced and 
through which they have to be dispersed. The larger the aerodrome, the 
larger must be the spore for deposition by impaction with any given 
degree of efficiency; spores that need to alight on tree trunks have to be 
considerably larger for efficient landing than those that have to impact 
on floral stigmas But if spores typically produced in grassy herbage, on 
which efficiency of impaction is fairly high, impact too efficiently, they 
will not get far from their source. Gregory has therefore suggested that 
evolution of spore size in some air-bome fungi must have been influenced 
by the need for a compromise between these conflicting lequiremenls. 

The argument from design, as applied to the infectivity of single 
propagules, is relevant only to those propagules that are freely dispersed 
as separate individuals by the natural agencies of wind and water. This 
argument is not applicable, for instance, to those pathogenic bacteria 
that are naturally distributed in clumped masses, held together by 
capsular material or by a viscous exudate (slime). Thus both bacteria 
and fungi that are chiefly transmitted from one host to another by insects 
may normally be carried as masses rather than individually as single 
propagules. The same is true of insect-transmitted viruses in which the 
average dose transmitted by the insect carrier may greatly exceed that 
required to establish infection. In such cases the question of the infec- 
tivity of single propagules acting individually may not arise as a problem 
of epidemiology. Such aggregations of propagules, although secured in 
various ways, are thus comparable, in their pooling of individual inocu- 
lum potential, to the mycelial strands and rhizomorphs of root-infecting 
lungi, which arc considered next. 


D. Inoculum FotentUl of Mycelial Strands and 
Rhizomorphs in Root-Infecting Fungi 

Aizomorpte am produced by a wide variety of 
fung. that live m soil and m the surface accumulation of forest humus 
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blown as “Jitter.” Tliey arc unknown among members of fJie Phyco- 
mycetcs, arc produced by many species in the Ascomycetes, and reach 
their most abundant dc^'clopment in the Basidiomycetes. MyceJfal 
strands and rhizomorphs are produced by many fungi that are obligate 
saprophytes, so they cannot be considered to have evolved as an adap- 
tation toward tlie Iiabit of root infection. Nevertheless, most fungi in- 
fecting tree roots arc characterized by this organization of individual 
hyphae into composite mycelial strands or rhizomorphs. In general, 
mycelial strands and rhizomorphs may be considered as organs of 
migration whereby nutrients are translocated from an old substrate — the 
food base— >to a potential new one lying some distance away through the 
soil. By means of these organs of mycelial migration, an inoculum 
potential adequate for competitive saprophytic colonization of a new 
substrate is secured. Tlie possible reasons for requirement of a definite 
inoculum potential for competitive colonization of a substrate like lignin 
have been discussed by Garrett (1951, 1954, 1956a) in relation to the 
evolution of mycelial strands and rhizomorphs. He has rejected the 
earlier explanation of the significance of such mycelial aggregation as 
being primarily a protection against desiccation, on the following 
grounds: (1) Desiccation is not so important a natural hazard for soil 
fungi as might be supposed, the relative humidity of the soil atmosphere 
remains at or near 100^ until the soil moisture content has fallen below 
the wilting point. (2) Mycelial strands and rhizomorphs, so far as they 
have been investigated, arc not tolerant of severe desiccation The 
mycelial strands of the Texas cotton root rot fungus (Phtjmatotrichum 
omnioorwm), for instance, are quickly killed by drying ( King cf al , 1931 ) . 

To these arguments can be added the more general one that sapro- 
phytic fungi colonizing substrates other than lignin and parasites in- 
fecting roots other than those of arboreal plants seem to be able to grow 
and survive well enough in the soil without this putative protection 
against desiccation. If the organization of mycelium into strands or 
rhizomorphs secured a significant protection against desiccation, we 
should expect to find such organs particularly characteristic of fungi 
living in arid soils, but this is not so. On the contrary, mycelial strands 
and rhizomorphs are most abundant in a habitat that has a higher 
moisture-holding capacity than have any of the other soil horizons, i.e., 
the surface litter accumulating on the forest or woodland floor, Garrett 
has therefore argued that the significance of mycelial aggregation into 
strands and rhizomorphs lies in aggregation per se, and not in possible 
ancillary advantages, such as some protection against desiccation. By 
such aggregation the maximum possible concentration of hyphae is 



44 


S D CAimETI 


secured uiving the maximum inoculum potential available for a given 
number of hypbae, whether for competitive colonization of substrates 
by saprophytes or for invasion of host roots by parasites 


1 Morphogenesis of Mtjcchnl Stronds anti Rhtzomorjdis 

So far, reference has been made collectively to mycelial strands 
and rhizomorpbs In the past authors have often used these two terms 
indiscriminately and sometimes even interchangeably for the same 
fungus This IS not surprising, since superficially some mycelial strands 
are difficult or impossible to tell from rhizomorpbs Tlic difficulty may 
remain even after a casual examination of longitudinal sections under 
the microscope because both strands and rbizomorphs appear as a 
fascicle of more or less longitudinally running hypbae Nevertheless, the 
morphogenesis of a strand is entirely different from that of a rhizomorph 
A.S a typical example of a true rhizomorph, we may select that of Amul- 
lana mcllea, which is the best Icnown (Fig 1) In the apex of the 
rhizomorph as it arises from a colony of unorganized mycelium (Garrett, 
1953) or as a branch from a parent rhizomorph, there is an apical 
meristem (Brefeld, 1877) The apex of a rhizomorph is thus strictly 
comparable to the meristem of a root apex This type of morphogenesis 
produces an organ that is of similar diameter all along its length from 
apex to base although the actual apex itself may be somewhat swollen, 
just as a root apex may be Tlie form as well as the morphogenesis of a 
rhizomorph is thus very similar to that of a monocotyledonous root 
having no secondary thickening 

In mycelnl strands on the other hand, there is no apical meristem 


Mycelial strands do not grow as such from the apex although they have 
leading hypbae, they become gradually built up, as growth of the mam 
h>pha or hyphae proceeds Two principal types of mycelial strand have 
so far been described although other types may well exist undiscovered 
Both types occur in root infecting fungi as well as m obligate saprophytes 
Development of the first type of strand is well exemplified in the 
Molet root rot fungus Hehco^sidiwm purpurcum (imperfect stage = 
Tihizoctonia crocorum) and has been described in detail by Valder 
(1958) Such strands consist essentially of a fairly loose federation of 
mdividnal byplne growing together, coherence is secured by an mter- 
Nvcavmg grouth of the mam li>'pbae. by the binding action of short side 

branches of limited growth, and by anastomoses (Fig 2) Valder studied 
the sequences of strand formation as mycelium of H purpureum grew 
out from a food base through unstenhzed soil over the surface of a glass 

fnnl from tfre 

tood base, further hyphae growing out from the food base sooner or later 
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W (W54). 

incidental to an experimental study of compost coloniz. y 

cultivated mushroom Fsalliola hortcmis, suggest that strand formaU 
this saprophyte occurs in a manner somewhat similar to that clue 
by Valder for H. purpurcum. 




Fic. 2. A-G, details of strand formation in Uehcobasidtum purpurcum: the 
general dJreetJon of gron’th is from left !<? «gbt. Note hyphai branches of limited 
growth in (A) and (B), and hyphal anastomoses m (G). (After Valder, 1958 ) 


The second type of myceMal strand consists, in its simplest form, of a 
single branch system in which the branches do not spread out, as in 
growth over or through a nutritive medium, but instead wrap them- 
selves around the main parent hypha. This type of strand ( Fig. 3 ) is to 
be found in PhymatoJriclvum omniuorum, the fungus causing Texas root 
rot of cotton and other crops; its development has been elucidated by 
Rogers and Watkins (1938). Single hyphae of large diameter become 
enshcathed by their own Wanch hyphae, which are of much smaller 
diameter. By subsequent adjustment of position and septation in the 
enshcathing branch hyphae a compact cortex of several layers in thick- 
ness is e\cntually formed aroimd the single large hypha at the center of 
each strand. This type of strand is also produced by a well-kmown 
saprophyte, Mentlius lacnjmans, which causes dry rot of timber (Fig. 4). 
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Flo 3 Stages of stnnd formation m Phymatotnchum ommmrum (A) 
hyphae beemning to grow over the surface of a large central hypha ( ) cn ra 
hypha surrounded by a loose network of branch hyphae (C) DeposiUon of the 
second hyphal layer. (After Rogers and Walkuis, 1938 ) 




F .0 4 Sinfaeo of ,nnog de« "’/r::?rn 

hj-pfiao ore slippleil) (A) I'tde ^ ,„d ,t. tree pnnorj 

llJTlioe, (B) lendnl li)Tl>»e ineennK «'e"C » 
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strand morphogenesis m M Incrymnns first described and inter 
preted by Falck (1912) in a classic paper displaying a wealth of e™ 
observations Falck’s interpretation of morphogenesis in these strands 
has heeti largely conErmed and much amplified by Butler (1957;. 

Strand formation, both by saprophytes and by parasites, typically 
occurs when a mycelium is growing over a surface or through a medium 
having a negligible content of free nutrients As might be expected, 
therefore, strands may also be developed m an aerial mycelium out ot 
actual contact with the nutritive substrate, as has been describe or 
Merultus lacnjmans on agar plates by Butler (1957) Strands are not 
usually produced among mycelia growing on the actual surface of, or 
within, a nutrient medium Similarly, strands produced by root-infecting 
fungi are responsible for initiating root infection and for extending it 
along the root by ectotrophic growth, inside the host tissues, however, 
the mycelium ramifies as independent hyphae Tlie behavior of rhizo- 
morphs on the other hand, may be somewhat different in these respects 
from that of mycelial strands if rhizomorph behavior m Armillam inellca 
IS at all typical Thus rhizomorphs of A melha are actually initiated 
from an inoculum of unorganized mycelium placed on a nutrient agar 
plate, and the number of rhizomorph initials thus produced increases 
with mcrease in nutrient concentration of the medium Nevertheless, 
the flexibility of the fungal organization is demonstrated by the fact that 
those parts of the grown rhizomorph m actual contact with the nutrient 
medium invariably produce a mantle of fringing mycelium, whose like 
ness to root hairs illustrates the aptness of the term “rhizomorph” 
(Garrett, 1953) 

Fungi forming such strands have all the advantages of a flexible 
growth habit by which the mycelium is concentrated when traveling 
from a food base through sod or over an inhospitable surface toward the 
next substrate or host root that it may chance to encounter This con 
centration of the mycelium secures the necessary inoculum potential for 
colonization of the substrate or for infection of the host root, as the case 
may be, but once inside the substrate or the living root, the mycelium is 
deployed as individual hyphae While it now seems possible to under- 
stand the function of mycelial strands, the actual mechanism of their 
formation is still obscure There seems to be a tendency for hyphae of 
the same fungus mdividual or ot the same species to grow together, as 
sho™ by recent studies ot Valder (1938) and Butler (1957), referred 
o above and tins suggests that there is some stimulus bringing and 
holding hyphae together in them growth If this is so, it must be postu- 
lated that under conditions in which strands tail to form and preformed 
strands disintegrate into their consUtuent hyphae during growth over or 
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through a nutritive substrate, this tendency of hyphae toward associated 
growth is overcome by a stronger tendency to grow up a diffusion 
gradient of nutrients (or perhaps down a diffusion gradient of staling 
products) and thus away from neighboring hyphae. 


2. Mycelial Strands and Rhizomorphs as a Vehicle for Tratismission of 
Inoculum Potential 


As outlined in the historical introduction to this chapter, it is not 
surprising that the concept of inoculum potential in its restricted sense, 
as defined by Garrett (1956a), has arisen in the first instance from 
pioneer work on root diseases. The older, cork-covered parts of a tree 
root system offer higher resistance to infection than any other part of a 
green plant commonly invaded by fungi, because of the lower humidity 
of the atmosphere above ground, the uninjured trunks of trees are fairly 
safe from fungal attack. The high resistance of older parts of a tree root 
system to infection demand a correspondingly high inoculum potential 
of the fungus if infection is to be successful. There is now ample experi- 
mental as well as observational evidence for this general conclusion 
(Garrett, 1956a, Chapter 4). By way of illustration Table III shows data 
obtained by Altson (1953) on the relation between volume of woody 
inoculum and percentage of successful root inoculations in rubber 
seedlings with Pomes lignosus. 


TABLE III 

Effect of lNOCxn.uM Volume on Success or Root Inocuuvtion op \ousc 
Rubber Trees xvtth Fames Itgnostts in Infected Wood Segments'* 


No trees inoculated 15 

Vol inoculum (cu in.) 5 04- 
Percent infections 100 


13 9 8 18 

5 0-10 10-0 5 0 5-0 25 <0 25 

69 22 12 0 


“From Altson, 1953. 

Table IV is taken from a laboratory slody of infcclion of potato 
tubers by ArmiUaria mcUca (Garrett, 1956b). ^ 

For both Fames Usnasus on roots of rubber and Anmllana mcllca on 
potato tubers there is a limiting size of inoetdum, below winch infcctmn 
fails to occur. In other experiments described in tins paper Garrett 
sought to correlate the inoculum potential of rbizomorpbs, expressed .a 
extent of potato tuber iofeetioo, xvith some growth cbnractond.c that 
would estimate the energ>- of growth of the " 

measured by borxing a ssoody inocoUim segment a ^ 

a glass tulie filled with moist, unstcrilized soil, and 
sivo weeUy growth iocremeots for the leading rloromorpbs R™"' ™ 

of each cod of the woody ioocolom. Tliese groutl. measurements sbmseil 
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tint Aizomorpli growth rjto increisccl with the volume of the 

from the food base, this declme was at nbuted to a) 
sumption of nutrient reserves in the inoculum through fungal p 


TABLE IV 

Effect of Inoculum Size on Vigor op Artnillaria mcllea iN iNrccrioN or 
Potato Tubers mOM Small Woody Inocula" 

Inoculum weight ( gm ) 

Fresh wt infected 
potato tissue (gm ) 

Radial extent of 
infection (mm ) 


10 

IG 

1 

4 

11 

05 

02 

3 

025 

0 


Standard errors 

172 

2 53 


“ From Garrett 1956b 


and growth, and (b) increasing competition for nutrients between the 
main growing apex of the rhizomorph and its subordinate branch apexes, 
and also between the leadmg rhizomorph and others produced later 
These growth rate data for rhizomorph apexes could be correlated fairly 
closely with infection behavior, thus speed of infection increased with 
size and decreased with distance away of the inoculum 

IV Importance of the Livinc Host Plant as an Inoculating 
Agent and as a Source of Inoculum 
More often than not the most difficult task a plant pathologist ever 
has to undertake is the reproduction of an unknown or insufficiently 
studied disease by inoculation This problem involves more than the 
choice of a suitable inoculum, an adequate knowledge of how the disease 
is transmitted in the field and what environmental conditions are 
optimum for infection and for further development of the disease may be 
equally essential for success It can often happen, therefore, that when a 
research worker has succeeded in reproducing the symptoms of an un 
kno\vn disease of parasitic origin by means of inoculation, he has gone 
more than half way toward a fairly complete understanding of its 
epidemiology An essential preliminary to any such investigation is t 
wide and thorou^ survey of the unknown disease as it occurs m the 
field, before any inoculation experiments are undertaken, the safes' 
guide to the success of such experiments is as close an approximation a; 
possible to the natural conditions under which the disease occurs Te 
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stress this may seem to belabor the obvious, but the history of experi- 
mental inoculations has shown repeatedly that a great number of 
failures have been due to neglect of this prime precaution. 

The greater part of this chapter has been concerned witli a single 
characteristic of inoculum, i.e., the degree of its infectivity, as expressed 
by the concept of inoculum potential (sensii Garrett, 1956a, b). Although 
this property of being potentially able to cause infection is the one 
essential characteristic of inoculum, yet in studying a disease in the 
field, or in attempting to reproduce it artificially for experimental pur- 
poses, the plant pathologist must be equally concerned with the dispersal 
of inoculum, with the way in which it achieves actual infection of the 
host, and with the influence of environmental conditions upon the 
success or failure of inoculation These problems, however, arc discussed 
in other chapters, and need not detain us further here. 

Varieties of inoculum for different types of infections have been 
considered in an earlier section of this chapter, but (he importance of the 
living host plant needs further emphasis. There is a saying still current 
among English farmers that "a sheeps worst enemy is another sheep”, 
epidemiologists are always saying the same tiling but usually in many 
more words. For the majority of diseases caused by root-infecting fungi, 
infection is spread by direct root contact between adjacent plants, and 
in some virus diseases the only known method of spread is by contact, 
cither between roots or between foliage of plants in juxtaposition. In 
other diseases the infected host plant serves as a source of inoaihim for 
dispersal, rather than as an inoculating agent In itself. Tlie maj'ority of 
plant viruses do not survive in dead host tissue for any appreciable 
period, and so the living host plant becomes of paramount importance 
as a reservoir of virus for insect transmission. 

A. AVccds os Carriers of Disease 

Control of diseases and pests by crop rotation means effective con- 
trol of weeds as well; otherwise the best planned crop rotation exists 
merely on paper. Weeds exert their most directly Iiarmful effect, perhaps, 
in the case of soil-borne diseases, because the roots of weeds infected 
by a particular parasite act as direct inoculum for the roots of any follow- 
ing crop susceptible to infection hy that parasite. Tims, Ophiohoh/t 
^raminis, causing the takc-all disease of cereals, also infects the under- 
ground parts of a number of perennial rhizomatous wee<l grasses A 
nonccrc.al crop hc.avily infested with one of these perennial umss wre<ls 
may be more dangerous to a following wheat CTOp than a preceding 
wlicat crop may lx*, even if this prcct*ding wheat crop li.is shiwsTi a 
sprinkling of -whiteheads" due to the disease. Tlie re.uon for this Is .t 
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simple one: after a wheat crop is harvested, loss of viabil ty by O 
graminis in the dead infected roots begins, even though slowly at fars . 
whereas when living grass hosts are present on the ground, O. g™"""'* 
not only survives but actually continues to spread vigorously along t ie 
grass rhizomes and roots, from where it passes to the young roots oi tlie 

next wheat crop _ . 

This last example illustrates not only the paramount importance o 
the livmg host plant as the most dangerous inoculum or source oi inocu- 
lum, but also the fact that the survival of inoculum, as well as production 
of inoculum, provides problems worthy of intensive study. Problems ot 
moculum survival in the form of fungal mycelium in dead infected host 
tissues, of res tin g spores, or of sclerotia (and how this is differentially 
affected by soil conditions) have already received much attention from 
root disease investigators (Garrett, 1956a, Chapters 8 and 9). A similar 
problem is presented by such alr-bome diseases as clover rot, caused by 
Sclerotinia tnfoliorum. This fungus produces sclerotia m and upon tbe 
stems and rootstochs of diseased plants, and these sclerotia find their way 
into the soil. A proportion of such sclerotia germinates in the first autumn 
after formation to produce apothecia, from which ascospores are ejected, 
and it is these ascospores that produce the minute primary lesions on 
clover leaves. Not all the sclerotia lying in the soil germinate in their 
first autumn. Some germinate in their second year and others in subse- 
quent years, and it is these delayed-action sclerotia that mahe control of 
clover rot through crop rotation either difficult or impossible. 

Lastly, the definition of a weed as a plant out of place is singularly 
apt for plant pathologists because volunteer cultivated plants, whether 
persisting or self-sown, are frequent carriers of disease. Anyone who is 
accustomed to walk observantly through growing crops will know that 
such “ground keepers” are far more common within a crop than casual 
inspection from the outside would suggest. 

B Sijmptomless Carriers of Disease 
Both kinds of weeds— wild plants and volunteer cultivated plants— 
may show either inconspicuous symptoms of disease or none at all, and 
this aggravates the difficulty of getting farmers to pursue weed control 
with sufficient zeal. The term “symptomless carrier” is a perfectly correct 
descnption of many host plant :vmis combinations, but fungal root in- 
fections rnay be equally difflcnlt to detect by above-ground inspection 
m the held, and many lea! spot diseases are inconspicuous and easily 
escape nonce. Volunteer cultivated plants are less likely to he symptom- 
less, or near-symptomless, carriers than are truly wild plants because so 
many cultivars have been selected without much thought for disease 
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resistance Races of wild plants, on the other hand, have tended to evolve 
through tlie natural selection of both host and parasite toward a toJer 
ance of their various parasites 

Often enough, however, it is the crop itself that functions as a 
population of s}TnptoinIess carriers of one or more diseases If such a 
crop is used for vegetative propagabon, clones derived from it may 
eventually suffer severely in the fullness of time or under particular 
environmental conditions from the diseases thus carried Hence the need 
for governmental inspection and registration of propagating material 
which IS particularly important for systemic virus diseases and vascular 
Wilts A crop that is carrymg hidden infection may transmit disease in 
other ways than through living infected tissues as, for example, through 
propagating sets and true seeds Thus a wheat crop, showmg no per 
ceptible signs of disease above ground, may leave m the soil a sufficient 
number of dead roots mfected by Ophtoholus grammis to cause a 
disastrous failure through the take all disease m a second crop of wheat 
that IS subsequently sown too soon Few farmers make this mistake 
twice, yet such an occurrence has to be seen to be believed and no one 
With first hand experience of this disease can afford to appear wiser than 
Kirby and Thomas (1920) when they reported with no little urgency 
the first known appearance of take all in the United States Nevertheless 
the weight of subsequent evidence on the behavior of O grammts and 
the cosmopolitan distribution of this fungus now make it seem probable 
that the take all disease was endemic on native grasses in the United 
States long before the first crop of wheat was raised in the New World 
Many other diseases besides take all have from time to time made 
sudden, spectacular, and disastrous appearances for the first time in 
hvmg memory The hypotheses evolved to explain such visitations have 
been almost as numerous It may not be so exciting but it will usually 
be more rewarding, to search for the inoculum close at hand — in the 
soil, among the wild plants of surrounding vegetation or among the 
weeds growing in the very fields themselves 
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I Ikiboduction 

For the purpose of this treatise autonomous dispersal is interpreted 
as the spread of vegetable, fungal, bacterial, virus, or nematodal plant 
pathogens through the agency of soil, seeds, or plant parts m the "0™=' 
practice of crop husbandry and in the distribution of plants and plant 
products and not through the intervention of any extraneous agency 
such as insect, wmd, or water Such dispersal involves the consideration 
of both space .and time, adaptation for dispersal and the consequences 
of ,adaptation are also discussed The subject is dealt with under the 
three mim headings of soil, seeds, and plant parts 

II Son. 

A General 

Soil IS the medium m which all the world's major crops are grown, 
and to the agronomist it means the substratum m which the crop plant 
IS anchored by its root system and from which water, nitrogen, and min 
oral nutrients are derived The basic structure of soil is a rock complex, 
bo it coarse sand or fine clay, this part of soil is inanimate and inert, 
its function is almost completely physical, and it provides the anchorage 
for the plant’s root system \\^cthcr originally formed by the breakdown 
and crumbling of igneous rocks or by sedimentation, this inert medium, 
Inthcd ^^lth water and dilute salt solutions, forms the basis for the 
colonization of the earth by plant life Long before the intervention of 
man, the algae, liverworts, mosses, ferns, and flowering plants gradually 
occupied and spread over tins rock matrix to build up the wild flora of 
loda) but with the death and decay of succeeding generations of plants 
and the attendant wild fauna dependent upon the flora for its existence, 
the dead unviclding rock, sand, and clay began to develop a new look 
and there liocamc introduced into it a new, ncar-hving component, which 
ma> lx? looscU described as its humus 

It is this humus content of the soil which is of such great importance 
in at;rlculturc and horticulture, not only does it improve the condition 
of Ihv soil In amchonling its physical structure, but it provides much 
of the food for rnsuing generations Tlic dead hod.es of plants .anti 
am.mh do not hrnl, dom, ,ind decay to form humus as the result ol 
sloss imnlmite oxidition or combustion Tlic death of one orgamsir 
qulcveais il.e life of another, and so it is tint the process of dcgencratior 
“s' , "."I""’ Hie adsent of countless sapro 

pintle, ehlornpinll has organisms, mainly mieroseop.c, sslueh depend fo 
me.r Mn calsl.urs- uiwn organic foosl made asailahlc through the dead 


3. AUTONOMOUS WSPEnSAL 


59 


of previous generations. It is through the action of this multitude of 
microsapropliytes that ash again becomes ash and dust becomes dust. 
Tlie introduction of humus to tlie soil converts it from an inanimate and 
inert matriv to a medium scctliing with life ecologically varied according 
to the origin from which it was derived. It is this living nature of the 
soil of farm and garden which is now attracting greater attention, and 
the microbiologist, finding here a field of work not only of intense 
academic interest but also one of great importance in crop husbandry, 
comes to the aid of physicist and chemist in the study of soil science. 
It is true that in hydroponics, where the plant is groivn in a bath of 
sterile nutrient solution in pure liquid form with or without a gravel 
base, the problem of humus docs not arise, but until such practice 
becomes much more widespread, the soil as such must remam the hus- 
bandman's main medium for crop growth. That the bulk of the micro- 
organisms which go to make up the flora and fauna of the soil are 
on the whole, beneficial and play an essential part m building up s 
fertility is abundantly cloar-cg., the action of the nitrifying I’actena 
but the soil humus offers equal opportunity for the persistence or growt 
of pathogenic organisms capable of causing crop disease It is aspect 

of soil microbiology which is of such importance to the plant - 

who is mainly concerned with the soil as a reservoir 
pathogens. The presence or absence of such f 

little or no relationship to the rook structure of the soil, it is , 

of the decaying vegetation present and the system of croppmg followed 
which mainly determine their presence or absence. 

B. Autonomous Dispersal in Sod 

1. The Contamination of Soil 

The original contamination of the soU with pathogens 
a variety of ways. It may take place by the gradual spread ^ 
from a contamtaated area to a noncontaminated area, or 
by the accidental introduction of contaminated 
dLis or soil Itself, into a clean f ea from one which « 

The pathogen may also be Introduced by the use of contaminated 

infected seeds, or planting stock. 

2. Spread and Build-Up of the Pathogen 

Tun, «« cnil has become contaminated, the spread mid 

V. iri nathocen will be determined by a number of interacting 

ui -upo p - . frequency with which a susceptible crop 

?t-n"at“r:odern farming and cropping has frequently 
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been sucli as to encourage systems of intensive cropping vv Inch tend to 
the production of a sod rich m plant pithogcns capahle of causing 
disease in epidemic form Commonplace examples of such practice arc 
worldwide Spread by the mechanical transfer of sod is also of im- 
portance, but the spread and build up of the pathogen will also depend 
upon Its adaptation to tlie soil, and for tins purpose sod borne pathogens 
may be conveniently grouped into the three categories of nonspccialivc 
facultilive parasites, specnlizcd facultative parasites, and obligato 


parasites . , 

a Nonspeciahzcd racullatwc Parasites Tlicsc pathogens arc capable 
of a complete saprophytic existence, but they possess the faculty or 
attacking live tissues and behaving pathogcnically Tlicy arc considered 
as nonspecialist m that they can spread and huild up in soil interpreted 
in the widest sense Typical examples arc PijOitum uJtunum, a common 
cause of the damping off of seedlings as well as of other crop diseases, 
Rliizocfoma solam, which causes stem canker and black scurf of the 
potato and diseases of a great variety of host plants, and Pcctohacteriuin 
carotovorum, the cause of soft rot of a variety of root vegetables Both 
Pijthium ultimum and R Solam will grow readily m a typical cultivated 
soil, and when once the soil has become contaminated, the pattern of 
mycelial spread resembles that of an ever widening circle such as is made 
by throwing a stone into a pond or by a fairy ring m a lawn The growth 
in soil of P ultimum has been studied by Smith (1954) and that of 
R solam by Blair (1943) The rate of spread and build up of the or- 
ganism may depend to some extent upon the original food base supplied, 
but It also depends upon the general nutritive value of the soil Blair 
found that in the case of pure sand the growth of R soJani is greatl) 
diminished after the removal of the food base although in the case of 
the three samples of soil which he used, the diminution of growth was 
negligible in two of them but noticeable in the third after the food base 
had been removed Factors such as soil temperature, aeration, and 
microbial antagonism also mfluence the rate of build up and spread 
Not much information is available regarding the spread and build up 
of Pectobacterium carotovorum in soil although, according to Dowson 
(1957), the pathogen appears to live indefinitely in patches of inade- 
quately drained soil It was demonstrated by Kerr (1953) to be present 
m Uventy separate Scottish soils 

b Specialized Factdfafioe Parasites Specialized facultative parasites 
are t ose which, although capable of a complete saprophytic existence, 
aepend m large measure upon the crop detritus of the host upon which 
hey are pathogenic They will not grow and build up in soil itself 
irrespective of its humus content Some typical examples are Armillaria 
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mellea, the cause of tree root diseases; Ophioholus graminis, the cause 
of the take-all disease of wheat; and FhyTtiatotrichum omnivorum, the 
cause of root rot of cotton. These pathogens will not grow and ramify 
through the soil as do the nonspecialized types hut require a food base 
such as the roots or crop debris of the host plants which they attack. 
Their spread and build-up in the soil is, therefore, closely linked with the 
frequency of growing susceptible crops. Taubenhaus and Ezekiel (1930a) 
found that no spread of the mycelium of Phymatotnchum omnworum 
occurred away from the roots of cotton, and they could produce no 
evidence for the independent growth of the fungus in the soil. At toe 
same time it has been found that the fungus exists on some of the native 
plants of the uncultivated desert and spreads by the movement of m- 
fected roots from higher to lower lands by soil erosion and dramage 
(King et al, 1934). It has also been shown that Ophwbolus grammis 
only grows through the soil in association with the roots of its cereal an 
grass hosts (Padwick, 1933). In the case of ArmiUarta mellea the growth 
of the fungus in space is extended through its ability to produce the 
typical rhizomorphs which grow out from the food '^^5® J" 

As examples of this, rhizomorphs were found to V-nrllw 

an infectf^ pit prop in a mine-working by Ellis ( 1929 ), and Find .y 
(1951) found two rhizomorph systems of this fungus extCndmg f®' 1® « 
and 30 ft., respectively, in a water tunnel leading out of a «sa^oir - 
ft. below ground level; the food base for these was believed to be the 
timber used in the construction of the tunnel. Apart 
such as this, however, the range of the specialized facultative parasite 
is strictly limited to the range of the host plant and the Pattem of soil 
contamination will largely conform with that for host J’’® 

power of infectibility may not remain unimpaired “ 
production such as that of Armillaria mellea. for Garrett (I®®®) 

that "the radius of spread^of "tdS::'rr%u::ssh^^ 
■n^isTuVpifrtod by Wallace (1935), wl.o observed that infected reots 
of iLS tea in Tanganynka are found o„,y 
dead bushes. In considering 

of inoculum potential r^ni^ot be 

™ 'to'proeure ts^td'in'udf " 

.•1 1 V » .stinlcmfFcctnutonomousdispersal,anclinuusconncc- 

soil and climate nilK . . , | pj„jmatotncJium omnlconim is 

tion die work of “ , „Ve.e<l ui.h root rot in the 

l.nport.inl. Ezekiel dclincs die eo Utah soiillmeU into 

United States to lie from a !« cstablisherl) and from 

Mexico (xvhcrc the southern limit is >« lo lye 
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the eastern margin of Texas xvestward to southern 
the isotherm delimiting the area where the lowest air temperata 
served between 1899 and 1938 was -OS” C., he pomts out ‘hat thi 
follows rather accurately the northern Umit of the occurence of root rot 
from Arkansas west to Nevada. He further suggests 1 

persisted where the temperature has not fallen below — 3 I-.., wire 
the annual mean temperature has been 15.6° C. or higher, and where the 
frost-free period has averaged at least 200 days per year.” Little alarm 
is expressed for the signiBcant advance of the pathogen cither by growth 
tlirough the soil, which he estimates as 1 mile in 100 years, or by the 
more rapid introduction of the roots of diseased plants into tlie soil. 
McNamara (1926), working at Greenville, Texas, recorded an annual 
spread of about 10 ft. during the years 1921-1924. To the extreme west 
and east of the Ime denoted above, temperature docs not appear to be 
the limiting factor. Taubenhaus and Ezekiel (1936) observe that the 
pathogen is favored by dark alkaline soils. 

c. Obligate Parasites. The nature of the obligate fungal parasite is 
such that its existence is confined to the host plant which it attacks, and 
when the host plant dies, it can only survive in the soil in a resting state 
until reactivated by the renewed growth of the host. An obl^ate para- 
site, therefore, cannot grow and spread in the soil, its range and pattern 
will ideally be confined to the range and pattern of its host, discounting 
the mechanical transfer of contaminated soil. The rate and extent of the 
build-up of the pathogen will depend very much upon the frequency 
with which a susceptible crop is grown. Typical examples of soil-bomC 
obligate parasites are Plasmodiophora brassicae, the cause of clubroot 
disease of Brassicae; Synchytrium endohioticum. the cause of potato 
wart disease, and Spongospora sttbterranea, the cause of povdery scab 
of potato. The only period during which obligate parasitic fungi could 
effect the spread of the pathogen in soil is when a sporangium or a resting 
sporangiumr germinates to liberate free-swimming zoospores. The range 
of such zodspores, however, and the length of their active life are re- 
garded as too limited to bring about any significant spread of the patho- 
pn in the soil. Furthermore, when a zoospore is unable to contact and 
infect a susceptible host, it dies and the problem of soil contamination 
disappears. With regard to Heterodera rostochieivsis, the nematode 
responsible for potato sickness, the larvae hatching from cysts will, 
according to Fuchs (1911), travel a distance of from 3 to 4 meters, 
while Baunacke (1922) records a distance of just over 9 meters. Here 
he spread of the pathogen in any year will also depend upon the num- 
ber of generations passed and the soil type. The extent to which the 
pathogen is suitable for adaplaUon to new soil and climatic conditions 
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to which it may be introduced are also factors of importance in deter- 
mining the measure of its build-up and spread. Evidence is available 
indicating that when potato tubers severely affected with Spongospora 
subterranea were introduced for 3 successive years from a country where 
powdery scab is common and grown in another where tlie climate is 
warm and dry and yet where powdery scab is a prohibited disease, the 
occurrence of powdery scab on the crops grown from diseased tubers 
was never recorded in the country of introduction for the whole 3-year 
period. 

The number of plant-pathogenic viruses reported as soil-borne is, 
so far, comparatively small. Some typical well-known examples are those 
causing tobacco mosaic, tobacco necrosis, wheat mosaic, and big vein 
of lettuce. There is no doubt, however, that soil transmission of plant 
viruses is more common than has hitherto been supposed and the number 
of known examples will be greatly increased as the study of this com- 
paratively new branch of plant virology receives the attention it merits. 
Recently Cadman (1956) and Harrison (1956, 1958) have reported on 
soil-bome viruses responsible for disease of the raspberry in Scotltmd, 
while Walkinshaw and Larson (1958) have found a soil-bome virus 
associated with corky ring spot disease of potato in the United States. 
In so far as the active virus is associated with the cells of the host in 
which it occurs, the pattern of soil contamination will follow that of the 
distribution of host roots or detritus in the soil. Growing evidence sup- 
ports the view that weeds play an Important part in determining the 
incidence, spread, and survival of plant viruses so that the interpretation 
of “host” must be made in the wide sense to include such weeds as well 
as the crop affected. 


3. Persistence of the Pathogen 

The persistence of the pathogen in soil may vary from a few hours 
to many years; its effect on autonomous dispersal will closely depend 
upon the time elapsing between soil contamination and soil dispersal. 
Potato tubers may become infected with blight, caused by Fhijtophihora 
infestans through the contamination of the soil widi sporangia falling 
from the diseased haulms (stems). But tlic sporangia are short-lived and 
are mainly operative only in the top layer of the soil. Murphy and McKay 
(1925) have shou-n that from 2 to 3 weehs is the longest period that he 
fungus may be erpccted to survive and cause tuber infection and that 
such infection mainly occurs in the top 5 cm. of the soil. r!„jloph hara 
Snfestans will not suivivc for long periods in norm.il unstcriln-ed soil 

away from its host plant. , , . 

Given continuously idc.al growing conditions, there is no re.ison to 
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suppose that nonspecialized facultative parasites such as Phytophthora 
ultimum and EJiizoctonUt solani should not contaminate the soil indefi- 
nitely without the stimulus of a susceptible crop. Doubtless, they do 
persist in the soil for long periods, and this persistence is assisted by the 
production of oospores, chlamydosporcs, and resting mycclia, all of 
which help to tide them over periods unfavorable for growth. 

More detailed information is available for some of the better-known 
specialized facultative parasites, and Bliss (1951) has suggested that 
Armillaria mellea will persist for 6 or more years in infected citrus roots 
of more than 3 cm in diameter in some California soils. There can be 
little doubt that the rhizomorphs of this fungus are persistent although 
very definite evidence as to the extent of their longevity is lacking. For 
Ophiobolus graminis, Garrett (1938, 1940, 1944) and Fellows (1941) 
have shown that conditions restricting microbiological activity in soil, 
such as low temperature, dryness, and poor aeration are more likely to 
support longevity of the fungus in host tissues than those such as high 
temperature, adequate moisture, and good aeration, which encourage the 
activity of the fungus as a pathogen. An ample supply of nitrogen also 
helps to prolong the survival of the fungus by enabling continued my- 
celial development to occur in infected tissue (Garrett, 1940). The 
degree of persistence of O. graminis in soil will, therefore, depend upon 
the interaction of all these factors. 


In the case of PhtjtnatotTichum otnnivorum the formation of sclerotia 
is an important, if not hmitmg, factor in determining the longevity of the 
fungus in soil. Taubenhaus and Ezekiel (1930b) and Neal and Maclean 
(1931) found that the vegetative strands of Phymatotrichum omnivorutn 
survive their host roots by only a few weeks, whereas Ratchffe (1934), 
Rogers (1937), and Rea (1939) concluded that a 4-years’ crop rotation 
IS necessary to obtam satisfactory control of cotton root rot. Neal (1929) 
first reported the occurrence of sclerotia of the fungus m the field, and 
mhogen is enabled to survive. Rogers 
(1937, 1942) showed that sclerotial formation occurs after the conclusion 

vLSp "JT He found the greatest number of 

tcltewiu^,r “““ years growth of a nonsusceptible crop 
sc erra (1836) found the viabdrty of 

sclerotia to range between 10 and 2% after 5 years in soil of medium 

furUrer recorded lOX gerlatil ate 
Zr .1 m ^ sclerotia after 9 years 

Ibo ImL iLf ’r'" ‘’•T"'"’ ^ '^"pendent for existence upon 

uponTe prodlL host must depLd 

hire. Plasmodiophom brasZ^ spores or some such lihe-resistant struc- 
msmornophom bramcae survives as resting spores, and 7 years 
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seems to be a commonly accepted time for the survival of such spores. 
Gibbs (1939) has recorded 5 years for New Zealand, and FedormfchiJc 
(1935) obtained infection in cabbage seedlings in land not sown to a 
crucifer crop for 7 years in Russia. Germination of a high proportion of 
the spores is likely to occur without much delay in fallow soil witliout the 
stimulus of the root of a susceptible host; this is known as “spontaneous 
germination” (Macfarlane, 1952). Spontaneous germination is more 
marked in acid soils of high moisture content than in dry alkaline soils 
in which the spores appear to survive longest (Bremer, 1924). At the 
same time the marked reduction in the viable spore load in wet acid 
soils is offset by the fact that a much lower spore load is necessary to 
produce clubroot in epidemic form under such conditions than when the 
soil is dry and alkaline (Colhoun, 1953). 

The persistence period for Synchytrium endobioticum appears to be 
even longer. In Germany, Schaffnit (1922) suggests at least 10 years in 
land fallowed and kept free from weeds. In Northern Ireland a sus- 
ceptible potato variety contracted wart disease in 1956 when planted in 
land where the disease had first been recorded in 1926, very few, if any, 
crops of immune potato varieties only had been grown in this land dur- 
ing the interim period. It would thus seem that the resting sporangia of 
Synchytrium endobioticum might survive for periods of more than 10 
years and even for as long as 30 years. Little direct evidence is available 
for the persistence in the soil of spore balls of Spongo^)ora stihtcrranea 
although tliey are frequently recorded as retaining their viability for 
several years. Some 6 to 8 years is the period usually accepted for the 
cysts of the nematode Helerodera rostochiensis. Thome (1923) claims 
that after 6 years most of the cysts arc empty or contain but very few 
eggs which, for the most part, are dead. 

Of the soil-bome plant pathogenic viruses, tobacco mosaic vims, 
which is relatively stable, will survive in crop detritus and provide a 
source of infection for both tobacco and tomato crops over a period of 
at least 2 years (Johnson, 1937). \Micat mosaic virus lias been recorded 
as persisting in the soil in an active condition, with no wheat crop inter- 
vening, for from 6 to 9 years, and it has been suggested that it docs 
so in some other soil-inhabiting organism whicli acts as a vector (Mc- 
Kinney, 1946). Since the disease may !>c controlled by an insecticide. 

F. Johnson (1915) concludes that this acts on the vector ratlicr than on 
Iho virus and suggests that the vector may !>c a nematode. TIjc virus 
responsible for big vein of lettuce will sun-fve in soil for more th.in a 
year, and the incidence of crop disease it ulll cause has lx?en shoum to 
l)c only slightly reduced when contaminated soil is diluted SOO limes 
wit!) sterihVed soil (Prj-or, 1916). 
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C. Autonomotts Dispersal by Soil 


1. By Soil Alone 

During the mechanical operations of cropping and farming, the 
movement of sod by plowing, harrowing, farm wagons and trucks, etc., 
will achieve the dispersal of a pathogen over the farm land. It will also 
be spread by soil carried on the hoots of farm workers and by any soi 
erosion which may occur. The pattern of such spread will tend to be 
erratic and will fit in approximately with the pattern of farm activities. 
Through mter-farm communication such as the loaning of farm equip- 
ment by one farmer to another, and by land erosion on a larger scale, 
the pathogen may be spread from farm to farm and the pattern of such 
spread will again be erratic. In this way the spread may gradually in- 
crease until a whole village, a township, or a province may be involved. 
Dispersal will also be achieved by the movement of soil in bulk, but as 
such a transfer tends to be uncommon in farm practice, this mode of 
dispersal will be more likely to occur in operations involving building 
or amateur gardening. The pattern of dispersal here will be even more 
erratic and much greater distances may be involved. 

2 By Soil Adhering to Plant Parts 

The transfer of contaminated soil from one area to another by its 
adherence to roots, tubers, and other plant parts is a most effective 
method of dispersal of a pathogen. It is in this way that pathogens may 
be spread not only from field to field and from farm to farm but from 
country to country and continent to continent. 


D. The Prevention of Autonomotts Dispersal by Soil 
1. Testing for Soil Contamination 

If soil is to be dispersed, whether avoidably or unavoidably, the 
^owkdge of its freedom from or contamination with pathogens cannot 
be other than worthwhile. This emphasizes the need for techniques of 
soil examination for determining the presence of plant pathogens. The 
devising of suitable techniques which will give speedy, reliable, and 
accurate results is, however, not a simple matter, especially in the case of 
microorg^isms and viruses whose minuteness makes difficult their direct 
visual detection in soil. Some success has attended the devising of such 

k nmv-Vl nematodes, and the best example 

i. ^ ^ '’o Heterodera wstodnemis, the potato root eelworm, which 
IS earned m the sod m cyst form. In many potato-growing countries soil 
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surveys are in progress and are being made with the objects of defining 
contaminated and noncontaminated areas. Methods are also available 
for determining soil contamination with Plasmodiophora brassicae. These 
are the seedling host tests devised by Samuel and Garrett (1945) and 
Macfarlane (1952), and the pot method devised by Colhoun (1957) 
whereby, as the result of epidemiological studies, susceptible plants can 
be grown under conditions whidi will produce the disease in epidemic 
form (Colhoun, 1953). These techniques provide facilities for dif- 
ferentiating between clean and contaminated soil and allow for advice 
to be given, not only concerning the dispersal of soil, but also in regard 
to growing susceptible crops. The ultimate value of soil health surveys 
will be determined when it is kno\vn how control measures, adopted as 
the result of the knowledge gained, have been successful in preventing 
the spread of the pathogen and the preservation of noncontaminated 
areas clean and free from infection. For soil-borne plant pathogenic 
viruses, soil tests are at present largely limited to the growing of sus- 
ceptible indicator plants. 


2 . The Clearing of Contaminated Soil 

Another approach to the problem of preventing dispersal is by 
ridding the soil of the pathogen and thereby clearing contaminated areas 
The outstanding example of this method is the partial sterilization of 
soil by heat, steam, or chemicals whereby all pathogenic organisms are 
hilled. This is discussed in detail by Kreutzer in Chapter 11 of this 

treatment can be practicably employed only for relatively small 
land areas such as those in use for glasshouse crops or nurseries ^ 
the value of the crop is sucli as to warrant the expense of the operatio ^ 
It has. however, also been used in cases of new outbreaks of 
with potato wart disease in the United Stales (Hartman, 
focus of contamination is small and where the stamping ^ P'-"™; 

gen can be iustified by the prevention of its spread to a wider area. For 

fhis purpose Hartma/recommends the use of finely -Pf" 

sulphate at 2,500 Ib. per acre, and claims that by the end o OoO the 

disease had been eradicated from 440 infected gardens. 

tion of the soil, using steam or formaldehyde, has b^co-ne — nid=i« 

in the growing of nursery and glasshouse crops 

difficult or impossible to bring in fresh 

soil, and where the build-up of soil pathogens 'c„psSi 

is so marked as to render impossible llic growing of liealllu crops 

™ M‘l;;:;:::”:method of clearing contaminated soil is by billowing 
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the land and controlling susceptible weeds Where immune varieties are 
available, the growing of these allows for the starving out ^Ihe paHlo- 
gen without havmg to forego the cultivation of the crop This metnoo 
has proved invaluable in the case of potato wart disease where e 
use of so called immune varieties bad solved a difficult problem m 
countries where the potato is a major crop In these countries the tend- 
ency for their increasing use grows steadily, and in the United King om 
no new vanety of potato can be registered unless it is immune from 
attack In Northern Ireland the potato acreage planted with immune 
varieties has increased from 69% m 1923 to 92% in 1957 The occurrence 
of new physiologic races of Stjnchtjtrium endobiottcum, capable of attack- 
ing potato varieties hitherto believed to be immune, is an added com- 
plication and a development over which careful watch will need to be 
kept (Moore, 1957) 

The use of decoy crops which stimulate the germination of resting 
spores hut do not contract disease widi the resultant production of resting 
spores, such as occurs m the case of Matthiola mcana and Loltum 
perenne when grown m soil contaminated with PJasmodiophora hrassicae 
IS an interesting new line of investigation (Macfarlane, 1952) 

Many of the major problems of soil contamination have arisen be- 
cause of the conscious or unconscious neglect of the principles of good 
crop husbandry, and much of the harm which has been done could 
undoubtedly be rectified by more cautious croppmg and by reverting to 
a sounder form of husbandry This has already been realized in take all 
disease of wheat, clubroot of Brassicae, and root rot of cotton, where 
epidemiological studies have brought valuable knowledge to bear upon 
the incidence of these diseases and how they may be best controlled 


3 The Prcocnfion of Soi! Dispersal 

\Micrc planting stocks and plant products are transported and where 
thetc IS a risk of pathogens being dispersed with the soil adhering to 
them. It would not seem unreasonable to require, if at all practicable, 
that ihcv should be freed from soil before dispatch In some cases this 
principle has been adopted, an example being the transport of plants to 
the United States, where it is required that the roots shall be washed free 
from soil Tlie ease of modem transport by rail, sea, and air wath the 
mcreawiig facilities for handling large hulks at greater speed, coupled 
with tl,c remarkable increase in the \olumc of travel, has not cased the 
protitem, and the danger of the autonomous dispersal of soil-home 
pathoctns in this wa> to new and unconlaminatcd areas is ever present 
rerhaps no licltcr example can he cited than that of the international 
trade in w'tl polativs In order to keep the potato crop free from virus 
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infection a very considerable international trade in seed potatoes has 
developed whereby stocks of virus-free seed are imported regularly by 
countries with drier and Avarmer climates (unsuitable for virus-free seed 
production because of the prevalence of insect vectors) from countries 
where the climate is wetter and cooler and where stocks of such seed can 
be comparatively easily grown. The countries of noith western Europe 
are developing an increasing trade with those of the Mediterranean 
basin and the continent of Africa; this trade is likely to continue until the 
importing countries have found it possible to grow their own healthy 
stocks. Although such seed may be relatively free from virus contamina- 
tion, there is always, however, the risk of importing such pathogens as 
Synchtjtrium endohioticum, Streptomyces scabies, Spongospora subter- 
ranea, Phyfophfhora erythroseptica, Peciobacterium carofovorum, Hetero- 
dera rostochiensis, and others through the medium of soil adhering to 
the tubers. Because of the lack of easily applied techniques for deter- 
mining accurately the presence or absence of many of these pathogens in 
soil and the lack of knowledge of the epidemiology of the diseases they 
cause, phytosanitary regulations devised to prevent their introduction 
through the medium of soil have often had to be framed from the point 
of view of fear of the unknown rather than in the light of clear scientific 
knowledge. A more direct and satisfactory solution of the problem of 
preventing dispersal through soil would be achieved if the principle 
of washing plants and plant products free from soil before dispatch could 
be generally applied. Difficulties inherent in putting this into practice 
become apparent when the need for washing, in an effective manner, 
large bulks of such produce as potato tubers or bulbs is considered. It is 
for this reason that a large scale mechanical plant for washing and dis- 
infecting seed potatoes in Scotland presents an interesting new develop- 
ment. By means of this plant, which is illustrated in Fig. 1 the tubers 
are subjected to jet-pressure washing within 24 to 48 hours after lifting, 
and then, when completely freed from soil, to a process of disinfection 
before being quickly dried and stored. This development has been made 
possible by recent cumulative advances in mechanical engineering, and 
it shows how, with the facilities provided by an advance in one field of 
science, problems in another field, incapable of solution at the time, can 
be relatively easily solved later. One of the advantages claimed for such 
washed tubers is that they are free from contamination with the cysts of 
H. rostochiensis (Mabbott, 1956) and if this is substantiated, a distinct 
advance will have been made which should appeal to all importing 
countries wliere the introduction of this pathogen is feared. Ap.irt from 
this, the freeing of the tubers from soil also eliminates the risk of the 
introduction of soil-home pathogens as a whole. Tlie disinfection of the 




Fic. 1. Pressure jet washed seed potatoes leaving the washing tanks and enter- 
ing the disinlectant bath at the plant installed for the washing and disinfecting ot 
seed potatoes by Sir Thomas Wedderspoon, Angus, Scotland. ( By courtesy of The 


Farming Notes, Glasgow.) 


tubers after washing is not only an added precaution, but it also effects 
the control of tuber-borne pathogens, reference to which is made in the 
section dealing with autonomous dispersal by plants and plant parts. 


III. Seeds 


A.. General 

Perhaps one of the major developments in plant pathology during 
the present century has been the realization of the extent to which the 
true seed may carry plant pathogens, and there is now no important 
agricultural or horticultural crop where the seed is not associated with 
one or more of the pathogens responsible for outbreaks of disease. 

Seed-borne pathogens may be grouped into those which are carried 
witli the seed and those which are carried on or in the seed. In the first 
group is included dodder {Cuscuta trifoUi) occurring as seeds in a 
clover seed sample, flax rust, caused by Melampsorn lini, aSecting flax 
straw detritus in a sample of flax seed, ergot (^Claviceps purpurea) oc- 
curring as sclerotia in samples of seeds of cereals and grasses, and the 
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nematode (Anguillulina tritici) which occurs in ear cockles in samples 
of seed wheat. A typical example of a pathogen normally borne on the 
seed is bunt or stinking smut of wheat {Tilletia caries) which is carried 
as resting or brand spores adhering to the outside of the caiyopsis. 
Fungal pathogens, which are carried on or in the seed are: HelmintJio- 
sporium spp., the cause of seedling blight, root rot, leaf stripe, and leaf 
spot of cereals and grasses; Fusarium spp., the cause of seedling blight, 
foot rot, and ear blight of cereals and wilt of flax and other crops; Phoma 
spp., the cause of black leg of beet and foot rot of flax, Ascochyta pisi, 
the cause of leaf, stem, and pod spot of pea, Colletotrichum linicola, the 
cause of seedling blight of flax, Polyspora Itni, the cause of stem break 
and browning of flax; and Gloeotinia temulenta, the cause of blind seed 
disease of ryegrass. 

Corynebacterium michiganense, the cause of bactenal tomato canker, 
is a typical example of a seed-bome pathogenic bacterium. The cause of 
loose smut of wheat, Ustilago tritici, exemplifies the type of seed*bome 
fungal pathogen where the contamination is carried as mycelium entirely 
within tile tissues of the caryopsis. Few plant virus pathogens are known 
to be seed-borne, but those responsible for bean mosaic and lettuce 
mosaic are two typical examples. 

B. Autonomous Dispersal by Seeds 

The principles underlying the autonomous dispersal of plant patho- 
gens by seeds have much in common with those enunciated for soil 
But since the seed, in its dormant state, seldom provides suitable 
conditions for active growth such as may occur in soil, the pathogen is 
normally carried as a spore (resting or otherwise) or as mycelium 
(usually in a dormant state) within the tissues of the seed coat or in the 
tissues of the seed itself. It is clear that tlie dispersal of the pathogen will 
be closely correlated with the movement of seeds, and the pattern will 
tend to be more deliberate than for sod since there is not the same degree 
of accidental movement. For instance, soil erosion, the movement of 
farm machinery, and any communication between farms are all signifi- 
cant factors in bringing about the movement of contaminated soil 
'vhereas (although they cannot be completely ruled out) they are not 
so significant for seeds. There is a close relationship between the pattern 
of the seed trade and that of the autonomous dispersal of a seed-bome 
pathogen. 

1. The Contamination of Seeds 

Cases where the contamination of seeds is a simple mechanical ad- 
mbeture of the seeds of both host and pathogen are exemplified by 
dodder, where tlie seeds of C. trifoUi occur mixed with those of clos-er. 
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In ergot of rye tlie open flowers of the host are infccletl with the asco- 
spores of C. purpurea; the young ovary is attaekccl and invaded, anc 
eventually becomes replaced by the typical liom-sliapcd sclcrotiuie ot 
the fungus, Tlie sclerotia so formed hecome mechanically admired wiln 
the unaffected seeds and are sown with them when putting in the crop. 
Ear cockles of wheat resulting from crop attack by the nematode A. 
tritici also become admixed with the grain and may bo sosvn with the 
seed. The pathogen may be carried on the straw or crop detritus of a 
diseased crop, pieces of which may occur as an impurity in the seed 
sample In flax rust, pieces of straw affected with the resting tcleiitospore 
stage oE M lint are commonly found mccltnnically admixed with the 
seed The bunt balls of T. caries occur mixed with seed wheat, but they 
commonly become broken during harvesting and threshing, whereby 
the brand spores of tbe fungus are released to contaminate the grain; 
thus, this pathogen is normally carried as spores attached to the grain. 

Seed contamination with pathogenic fungi and bacteria frequently 
takes the form of an invasion of the tissues of the seed coat or of the seed 
itself where it remains viable in a relatively quiescent state until the seed 
is sown If the pathogen is capable of free sponilation, it may also be 
borne in the form ot spores adhering to the seed coat. In these cases 
seed contamination may be translated to seed infection because, if con- 
tamination occurs in the early developmental stages of the seed and 
conditions are suitable, tbe pathogen attacks the seed, and the seed 
becomes diseased. In P Uni, for instance, which causes stem break and 
browning of flax, all stages may be found in a contaminated seed sample 


— ^from where tbe seed has been attacked and killed in an early stage 
of development, through seeds which are quite healthy but which carry 
the pathogen as mycelium in the outer mucilaginous layers of the seed 
coat, to those which bear only the conidia of the pathogen adhering to 
them (Lafferty, 1921, Colhoun, 1946). This condition applies equally 
well to many other seed-home pathogens included in this group, such as 
Fusarium spp , G. temulenfa, C. linicola, and A. pisi. Contamination or 
infection of the seed in these cases is normally of external origin, it being 
brought about by spores of the pathogen during the flowering, maturing, 
or harvesting of the crop. Pethyhridge and LaSerty (1918) and Lafferty 
(1921) in the investigation of the flax pathogens C. linicola and V. Uni 
traced the infection of the seed via the boll. The conidia of Helmintho- 
sporium avemc, the cause of seedling blight and leaf spot of oats, may 
be found attached to the pales, where they germinate to produce resting 
mycelia. Whereas the conidia of Gibberella zeac attacking wheat may 
bring about flower infection (Adams, 1921) or may attack through the 
glumes, the attack by other Fiisorium spp. is normally confined to the 
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glumes (Bennett, 193Z). In A. pisi the pea seeds contract contamination 
through the pod-spotting phase of the disease. G. temulenta infects rye- 
grass at the time of flowering through ascospores released from apothecia 
produced on infected seeds, while secondary infection is brought about 
by conidia produced in abundance by primary infection with ascospores 
(Calvert and Muskett, 1945). In this disease it is also easy to find every 
phase of contamination, ranging from seeds killed by the disease to those 
bearing conidia externally. 

An interesting feature of a number of these diseases, such as those 
caused by H. avenae, C. UnicolOy and P. lini, is the healthy and vigorous 
growth of the crop, which usually occurs behveen the primary phase of 
the disease in the seedling stage and the secondary phase leading to the 
contamination or infection of the seed. Although it is generally assumed 
that the source of the inoculum for the secondary phase is supplied by 
spores produced by the primary and possibly intermediate phases, it is 
sometimes diflBcult to trace this in the field, and this fact suggests the 
need for further research. The diseases mentioned are largely specific, 
and the pathogens concerned are limited to one or a few kindred hosts. 
In the case of a nonspeciBc pathogen, however, such as Botnjtis cinerca 
with a wide host range, seed contamination or infection may be con- 
tracted from outside sources irrespective of tlie state of contamination of 
the seed sample from which the crop is grown. Further contamination 
of the seed may spread rapidly, if weather conditions are suitable, in 
harvested and stooked crops of cereals, ryegrass, and flax in the case of 
such pathogens as some Fusanum spp., G. temulenta, and B. cinerca. 

Ustilago tritici, the cause of loose smut of wheat, presents a typical 
e.xample of a systemic disease where the pathogen is home in mycelial 
form entirely within the seed. Flower infection is affected by brand 
spores released from affected ears at the time of flowering of tlie crop, 
find tlie resultant grain produced may, according to the wheat variety, 
contain mycelia in the pericarp only or in all parts of the cmbr >’0 and 
even in the root primordia (Buttle, 1934). 

Tlie comparative rarity with which plant pathogenic viruses arc 
transmitted by the true seed presents one of the most interesting prob- 
lems of plant virolog)'. Of the hundreds of plant vims diseases which 
have been described, only 45 have been reported as seed-transmitted 
(Crowley, 1957a). Reddick and Stewart (1919) first showed that Iw.nn 
mosaic vims is transmitted by the seeds of Phascohts vulgaris. r.,ater, 
Ainsworth and Ogilvic (1939) found that ictttjce mos.-ifc w’rns m.iy l>e 
seed-transmitted and that some 5% of tlic seed used produced infected 
seedlings. Tlic var>'ing chiims made for the seed transmission of tomato 
mosaic vims may l>c explained by the work of Ainsworth (193^1), who 
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showed that the viuis occurs in the seed coals of seed grown from 

infected parents. . . 

The ability of a virus to enter tlic seed depends upon the interaction 
of virus and host, for as Bawden (1950) points out, “In the same host, 
one virus may be seed-transmitted and another not, and the same virus 
may be seed-transmitted in one host but not in others. Recent work by 
Crowley {1957a,b), in which 5 mechanically transmitted viruses were 
used, indicates that host sterility will not account for the lack of seed 
transmission in any of the cases investigated. All 5 viruses infected the 
seeds o£ the hosts hut only bean mosaic virus was found to infect the 
embryo Crowley found no evidence for the production of virus in- 
activators in seeds or developing embryos. He regards the rarity of seed 
transmission to be due to the inability of most viruses to infect mega- 
spore or microspore mother cells of infected plants as well as to their 
inability to infect developing embryos because of ibc lack of plasmo- 
desmatal connection with the endosperm. 


2. Spread and Build-Vp of the Pathogen 

The rate of spread and build-up of the pathogen will vary according 
to the prevailing seasonal conditions. Given a series of successive seasons 
favorable for the growth and development of the pathogen in relation to 
the host, then a progressive build-up of the pathogen as a seed con- 
taminant may be anticipated. The principle of seasonal conditions acting 
as a limiting factor controlling the rate and extent of seed contamination 
holds generally for seed-borne pathogens as a whole. If the host plant is 
regarded as a match box and the pathogen as a match, then seasonal 
conditions leadmg to seed contamination may be regarded as the act of 
striking the match. So long as the seasonal conditions are unsuitable, 
host and pathogen will tend to exist alongside each other; no outbreak 
of disease will occur, there will be no seed contamination, and the host 
plant will tend to flourish in spite of the pathogen. Whether there will 
be a gradual tendency towards the build-up of seed contamination over 
the seasons will depend, in the first place, upon the climatic conditions 
prevailing over the area as a whole and, secondly, upon the specific 
dirnatic condition from season to season. Tliis is illustrated by the seed 
health survey made for fiber flax from 1940 to 1955 in the United King- 
dom, the results of which are discussed in the section dealing with the 
value of seed health surveys. 

The pattern of the build-up of seed contamination in a crop may be 
even, but it inay also be erratic and variable. Contamination may occur 
m pocket which have served as foci for the outbreak and spread of 
disease. This may be due to the uneven contamination of the seed sample 
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sown or to the soil conditions favoring or disfavoring the outbreak and 
incidence of disease. That soil conditions of temperature and moisture 
can exert a very significant effect on the incidence of seedling blight of 
oats, caused by H. avenae, has been clearly demonstrated (Muskett, 
1938). When flaxseed was sampled for the United Kingdom seed health 
survey, it was found that in bulks of seed which had not been thor- 
oughly mixed, the incidence of contamination could vary greatly in 
different parts of the same bag of seed (Muskett and Colhoun, 1947) 
An erratic pattern of seed contamination is also likely to occur when the 
pathogen is originally contracted from the soil, as in the case of Phoma 
sp., causing flax foot rot. Here the pathogen may be contracted in the 
first place from soil, and the attack becomes evident by the occurrence 
of odd plants here and there in the crop affected with the disease 
(Pethybridge et al, 1921). When once the seed has become contam- 
inated, the disease may break out in epidemic form in the crop if the 
seed is sown under suitable seasonal conditions. 


3. Persistence of the Pathogen 

By persistence of the pathogen is meant the time during which the 
pathogen will remain viable with, on, or in the seed and assumedly cap- 
able of causing disease. It refers to the period during which the seed is 
stored rather than to the persistence of the pathogen in soil after the 
seed has been sown. Normally, the conditions required for the germina- 
tion of the seed and the growth of the host plant will largely assimilate 
those for the pathogen, and it may be assumed that, after overwintering, 
the pathogen will become active soon after the seed is sown. There are 
instances, such as that of ergot, where the sclerolia may remain dormant 
If buried too deeply in the soil. In the northwest of the United States the 
brand spores of dwarf bunt of wheat, T. caries, may remain viable in the 
soil for up to 7 years (Wilson, 1955). The time of persistence will clearly 
depend upon such factors as the nature of the pathogen itself, the condi- 
hon in which it occurs as a contaminant, and the method of seed storage 
after harvesting the crop. In the case of a simple mechanically admixed 
contaminant, such as dodder, the problem is clearly one of comparaliyc 
seed longevity, xvhile for ergot it may depend upon the relative Jongevity 
of sclerolium and seed. In such cases Uiere is a dearth of vco' accura c 
knowledge of persistence time which, in any case, will van' with cnviro - 
niental conditions. ,, , i.„„, tnni 

It is knox™ that the nematode A. tritici in ear cocUes of 
Jry Will remain viable for up to 10 years (^oodey 19-3) In l.erbaru m 
material the brand spores of T. caries were found "f 
Jears and those of UslUago acenae after 13 years (Fisc , h 
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though the brand spores of Usttlago nuda arc relatively short-lived, 
barley seed infected with loose smut produced some smutted heads after 
storage for 11 years (Porter, 1955). II. avcnac, which is normally carried 
as mycelia in the seed coats of oats, will retain its viability for a period 
of up to 10 years m Canada and for at least 7 in Northern Ireland. 
Altemaria tenuis, a mold commonly contaminating seed oats, tends to 
die out in the early years of the storage period, but with its death 
H avenae is more readily isolated from an increasing percentage of 
seeds (Machacek and Wallace, 1952). It has been suggested that molds 
such as A tenuis may behave antagonistically to H. avenue, thus inter- 
fering with its ready detection by growth until they have died out. Tlic 
persistence of Fusarium spp. in seed oats docs not appear to be so 
marked because it has been found in Northern Ireland that both mycelia 
and spores tend to have lost their viability after seed storage for some 
3 years Seed-home pathogens of flax may persist from 1 to 6 years, as 
illustrated by the following examples: C. UnicoJa (2 to 6 years), P- 
(1 to 5 years), B cinerca (1 to 3 years) and Phoma sp. (2 to 3y> years) 
(Colhoun and Muskett, 1948). In blind seed disease of ryegrass, caused 
by G temulenta, the surface-borne conidia lose their viability after 6 
months, while the mycelia carried in the seed tissues will persist for up 
to 20 months (Calvert and Muskett, 1945). Generally speaking, surface- 
borne^ spores of pathogens, as might be expected, tend to lose their 
viability more rapidly than does mycelium, which is seated within the 
seed coat and seed tissues. 


It may be concluded that the persistence of a seed-borne pathogen 
under normal conditions of seed storage will vary from a few months to 
as ong as 10 years or more, according to its being surface-borne as thin- 
wa e coni ia, as chlamydospores, as sclerotia, as mycelium within the 
tissues ot the seed coat or outer caryopsis. or internally as mycelium 
within the more deep-seated tissues of the seed. Little evidence is avail- 
rpl persistence of the virus in the case of the 

nq441 u seqd-transmitted although Middleton 

IxansmiLd harvested seed. Working with a seed 

eSd ■nuskmelon, Rader ef d. (1947) obJained 93 and 

seed alid onlv ^ ‘T ®'‘P'=™ental lots of freshly harvested 

and only 3 and 0* after the seed had been stored tor 3 years 


c. The Prevemion of Autonomous Dispersal hy Seeds 
1. Testing for Seed Contamination 
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extent a seed sample is contaminated will be both desirable and helpful. 
Some indication as to the likelihood or not of the seed’s being con- 
taminated can often be determined by a system of crop inspection. If, 
for instance, loose smut is seen to occur in crops of wheat and barley, 
the assumption is that the seed saved from these will be contaminated 
with the loose smut pathogen. It can then be determined whether or not 
to use the seed for sowing or to ensure its treatment before sowing in 
order to control the disease. But crop inspection, although it is the only 
practicable method available in some cases, cannot be expected to give 
such a definite or accurate estimate as the direct examination of seed for 
pathogenic contamination. Methods for the testing of seeds for purity 
and germination have been evolved and practiced intematfonally for the 
last half century, but similar methods for the determination of seed 
health are of comparatively recent introduction, and those which are 
available are only just beginning to be used in general practice. This is 
due to the fact that until recently the need for determining seed health, 
which in some cases may be quite as important as purity and germina- 
tion, was insufficiently realized and, at the same time, suitable techniques 
for carrying out the work were not available. 

Notice is taken in routine seed testing of the presence of mechanically 
admixed pathogens such as dodder, ergot, bunt balls, ear cockles in 
wheat, etc., but this is more or less included in the purity analysis of the 
seed sample and cannot be considered as part of a real health test. 
Suitable techniques for the health testing of seeds must be capable of 
dealing as inexpensively as possible with large numbers of seed samples 
and should provide accurate and speedy results in no longer time than 
is required for carrying out a test for germination. This will allow for 
the results of purity, germination, and health testing to be made avail- 
able at one and the same time. The aim of a health test must be to 
provide an accurate estimate of the percentage of seeds in any given 
sample which is contaminated with the pathogen in a viable condition. 

In devising such tests attempts have frequently been made to use the 
methods employed in modern seed testing, with or without some modi- 
fication, to cover the need for testing for health. But whereas this line 
of approach may on occasion provide some approximate information as 
to whether a particular pathogen is or is not present, or it may indicate 
in a general way whether the seed sample is healthy or unhealthy, it is 
not scientific and does not fulfill the conditions to be aimed at in health 
testing as stated above. 

During the period of the second world war thousands of tons of 
fiber flaxseed produced in the United Kingdom were of tlie highest 
quality in so far as the standards of purity and germination were con- 
cerned, but a large proportion of the seed was very heavily contam- 
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mated with C. limcola. This was not and could not be revealed by tlic 
normal methods of seed testing and was only determined by use of a 
special technique devised for the purpose of testing for seed health 
An approach to accurate testing for seed health has been made by using 
sterilized damp filter paper or agar medium upon which the seeds are 
plated out in Petri dishes and examined for the growth and development 
of fungal pathogens (Muskett, 1938, 1948; Muskett and Malone, 1941). 
More recently the use of filter paper has given way to the use of the 
agar medium method. The Ulster method, using a 1% malt extract agar 
medium (Muskett and Malone, 1941), and the modified Ulster method, 
when the seeds are surface sterilized witli a dilute solution of sodium 
or calcium hypochlorite before testing {Muskett and Malone, 1956), 
have been found to give most reliable results in the case of a large 
variety of crop seeds and have recently been adopted as tbe standard 
international methods for the health testing of seeds of flax and oats 
tor the Ulster method is used for determining seed contamination 
I sp.. Fusarium Uni, and Alter- 

rTitu “ “. 1 ,'^! *** “ general, while for oats the modi- 

H noemw ° determining seed contamination with 

H. aveme, Fusanum spp., and other molds 

droriet method seed with G. temuUnta, the water 

but a modiflenf '^c surface-borne conidia, 

taema^Weet on™ 1 u" necessary if the amount of 

^rhiten made ° Muskett. 1945). Head- 

of seeds of barley and whea'l’fOT ?“ 

loose smut fungi and it.- • P'^sence of internal mycelia of the 

(Simmonds, 1946. Russell igST”? embryo method 

of seed examination fnr ’n™,. consideration of the problem 

fungi, due r™oSln luTw'*™ “ 1 ,“'='=““ 

(1938) in the NetherlaX ^ 

“• °f Seed Health Survetjs 

assessment of seed'htdth'^'it f” the rapid and accurate 

routine seed testing but also employ them not only for 

for .any particular district or Planned seed health surveys 

than the mere checking uo of value of such surveys is wider 

Wlity of discovering f®' *ore is always the possi- 

grown or whore contamination is'"* contamination may be 

Imuan^ of seed production. Sncl, a” he^m" 

fiber flaxseed produced in tho Unit d survey was carried out for 
nited Kingdom from 1940 to 1933 
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(Muskett, 1958). The Ulster metliod was used to examine more than 
25,000 samples of seed drawn from production centers situated in the 
various counties of the United Kingdom and shown on the outline map 
(Fig. 2). As a result of this survey, extending over 15 years, it was 



showTi that fiber flaxseed produced in eastern and southeastern England 
is relatively free from contamination with C. Uni, P. Uni, and PJionm sp- 
and that there was no build-up of contamination in these areas. In the 
wetter and cooler regions west and north of the Pennines, conditions art* 
more favorable for these pathogens, and seed contamination tends to 
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build up and increase Table I shows the survey results obtained for 
seed contamination with C Imi Seed contamination with B 
general throughout the United Kingdom, with a tendency to be higher 
in upland and coastal areas Tlie incidence of r«Sfin»m lint and Aftcr- 
naria Itmcola in seed produced m the United Kingdom is negligible 
If ever the need arises m the future for a planned program of flaxseed 
production in the United Kingdom, the results obtained from this health 
survey indicate quite clearly that seed production should be confined to 
the east and southeast of England Another result arising from this 
investigation indicates the possibility of clearing stocks of contaminated 
seed by growing the seed m areas where it is known that contamination 
of the progeny is not likely to occur There can be little doubt that the 
extension of seed health surveys over wider areas and to include a range 
of agricultural and horticultural crops would furnish results of equal 
value to those obtained m the United Kingdom for fiber flaxseed and 
add substantially to the greater understanding of problems relating to 
seed health 

3 Seed Disinfection 

In preventing the autonomous dispersal of seed borne fungal and 
baclenal plant pathogens, seed disinfection is a most valuable tool, and 
with the introduction of modem disinfectants with increased facilities 
for carrying out the work on a large scale, much more is being done to 
prevent such dispersal The introduction of organo mercury compounds 
for general use with the seeds of cereals marked a significant advance, 
and there is now hardly a country in the world where the use of these 
disinfectants is not known and applied on a large or small scale The 
use of thiram as a disinfectant for the seeds of flax, peas, and beans, etc 
marked a further advance in so far as this product is relatively non 
poisonous (Muskett and Colhoun, 1943) The problem of seed disin- 
fection will not be finally solved until a nonpoisonous product suitable 
for universal use has been discovered 

Tlie hot water treatment for the internally borne smut pathogens of 
wheat and barley is still efficacious, but the need for great care in carry- 
ing it out works against its general use Trends in recent research indi 
cate that more attention is being given to the possibility of disinfecting 
seeds by physical means Tins is to be welcomed, since, although the 
efficacy of some of the very poisonous chemicals now being used for 
plant protection is not doubted, equal efficacy from avoiding the use of 
poisonous substances would deserve serious consideration Further, seed 
disinfection must not be regarded as a substitute for the production of 
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healtliy noncontaminated seed, it must not be used as a tool to make 
bad seed good but rather to make good seed better. 

4 The PreDentwn of Seed Dispersal 

Control by the prevention of seed dispersal appears to be the obvious 
answer to the problem if such action were possible or even desira e 
The farmer himself frequently adopts this practice, for, if he suspects 
the seed he intends using to be contaminated and likely to produce a 
diseased crop, and if there is no other remedy, he will cither destroy it 
or use it for some purpose other than sowing Success may also atten 
the prohibition of sowing contaminated seed with the provision of some 
allowance for tolerance When fiber flavseed was being produced m the 
United Kingdom during the second world war, an epidemic outbreak of 
foot rot caused by seed borne Phoma occurred in 1943 Since the routine 
method of seed disinfection with ihiram (introduced m 1940) was found 
to be only about 50% effective for this pathogen, it was decided to discard 
all seed for sowing which was contaminated to the extent of more than 
5% This action was successful, and although seasonal variation may have 
played a part, evidence gamed m the following seasons showed clearly 
that the principle of allowing only slightly contaminated seed which had 
been dismfected to be sown prevented any further serious outbreaks of 
this disease (Muskett and Colhoun, 1947) 

The storage of seed for a period before dispersal in order to allow 
the pathogen to die out has also suggested itself as a control measure 
It IS sometimes practiced for celery seed affected with Septoria apn, the 
cause of leaf spot, m the belief that the pathogen is no longer viable in 
overyeared seed Apart from the difficulty of getting conidia taken from 
such seed to germinate, no further evidence seems to be available on 
this point Work with flax shows that seed borne pathogens will die out 
after normal storage of the seed for some years Seed of this age, how- 
ever, will have lost some of its germination capacity and much of its 
energy of germination, so that this method of control cannot be recom- 
mended (Colhoun and Muskett, 1948) The same argument holds for 
seed oats, where it takes at least 3 years for Fusdnum spp to die out and 
up to 10 years for H avenae All trace of viability of G temulenta in 
ryegrass seed disappears after 20 months’ storage — a shorter period, 
and, therefore, more hopeful 

Much can be done by preventing the dispersal of badly cleaned seed 
This IS exemplified not only m die case of dodder, ergot, wheat ear 
cockles, and flax rust but also where badly contaminated or infected 
seed IS lighter and smaller and, therefore, capable of being taken out of 
the sample by more iigoious cleanmg Such is the case with C hnicola 
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and P. Uni of flax as well as with some other fungal contaminants 
(Lafferty, 1921). Middleton (1944) found in the case of virus diseases 
of squash that light seed produced up to 37% of infection and heavy 
seed only 2%; he states that most infected seeds can be removed by 
careful winnowing. All attempts to prevent the dispersal of fungal and 
bacterial pathogens by preventing seed dispersal must be given the 
broadest consideration. 

Epidemiological studies have shown that climatic conditions may be 
a limiting factor in determining the spread and build-up of seed-borne 
pathogens, and it should be remembered that it is possible to disperse 
contaminated seed to districts and areas where growth conditions are 
such that they will lead to tlie eradication of contamination and to the 
harvesting of clean, noncontaminaled seed. 


IV. Plants and Plant Parts 
A. General 

Plants and plant parts whi<di are dispersed as planting stock or farm 
and garden produce and plant debris which may accumulate as waste 
in the course of cropping, etc. arc considered under this heading. Crop 
debris and decaying vegetable matter which remain in the soil and help 
to build up its humus content have been dealt with under the heading of 
soil Traffic in plants and parts of plants grows apace, and the problem 
of combating the autonomous dispersal of plant pathogens through the 
medium of planting material and plant products assumes growing com- 
plexity. Whether the commodity be complete plants, tubers, bulbs, 
corms, runners, cuttings, or produce for consumption, the need is that 
it shall be healthy and free from viable pathogens and, m particular, 
from those which are likely to cause disease or diseases unknown or 
unrecorded in the place of its introduction. It is the real danger of the 
spread of disease in this way which has occupied the minds of legis- 
lators and administrators, as well as plant pathologists ever since it has 
been understood how disease epidemics can arise through the traffic 

^^rintroduction of potato bligl.t (Phytophthora infest^) 
Europe, with its resultant disastrous effect, as dlustrated by the famine 
in Ireland from 1845 to 1847, is but one crample. and the appearance in 
Europe circa 1900, of American gooseberry mildew, caused by Sp^aro- 
theca mors-tmac, with its temporary retarding effect upon cult . 
lion of gooseberries, is but another. Since the P™’’'™, f, 

has already been considered, the pathogens '^ans ■nfnrti'tl 

with which plants and plant parts themselves are hloly to he infected. 
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B. Aiifoiiojnous Dispersal by Plants and Plant Parts 

1. The Contamination of Plants and Plant Parts 

The contamination of plants and plant parts means their infection 
with pathogenic organisms. The rate and pattern of contamination will 
Jollow largely that ol the disease with which the crop may become 
infected. Such contamination will, in most cases, be contracted during 
the growing of the crop although it may occur during storage, particu- 
larly in the case of plant produce. 

2 Spread and Build-Up of the Pathogen 

a. Planting Stocks and Plant Products. The spread and build-up of 
the pathogen will take its pattern from the season and the conditions of 
growth and storage. While the degree of Its spread and build-up is of 
great importance, the actual presence of the pathogen is equally im- 
portant. The fact that it is present at all in a viable condition will albw 
for its establishment and spread in a new area if the environment is 
congenial. If potatoes or gooseberries are to be moved for planting to 
a new area, where it is known that the diseases with which they are 
likely to be affected are likely to cause harm, then it is important that 
they should be free not only from mass infection but from all infection, 
Accumulated knowledge confirming the existence and importance of 
physiologic races of pathogens such as S. endobioticum (Moore, 1957), 
P. hrassicae (Ayers, 1957), and Venturia inaequalis, the cause of apple 
scab (Keitt et al , 1948), indicate the danger of the introduction not only 
of the pathogen, but of a new physiologic race capable of causing severe 
crop disease. Although the transmission of pathogenic viruses has been 
shown to be relatively uncotatuou in the case of true seeds, the reverse 
holds for crops which are vegetatively propagated. The probability of 
complete systemic infection with the virus which results in the permea- 
tion of all the plant tissues means that infection will remain in that 
plant or clone as long as it is cultivated The ready spread and build-up 
of pathogenic viruses in vegetatively propagated plant material is, there- 
fore, of special significance and has led to the growing demand for 
planting stocks which are free from virus contamination. The spread and 
build-up of contamination in planting stocks and plant products ceases 
to be of interest when it has reached the stage where the host has been 
killed or rendered of such poor quality as to be worthless; it then 
becomes plant debris. 

b. riant Debris. Although plant debris may not be generally subject 
to the same extensive movement as planting stocks and plant products. 
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its accumulation may be a significant factor in securing autonomous dis- 
persal. Tliis is of special local importance in spreading disease from field 
to field and from farm to farm. Heaps of discarded potato tubers affected 
with blight caused by P. infestans will, if tlie winter is mild, carry the 
pathogen through to the next season, when it will sporulate and serve 
as a source of inoculum for neighboring crops. Crop debris from Bras- 
sicae affected with clubroot (P. brassicae) may be distributed with 
manure, while B. cincrea, the fungus responsible for gray mold, becomes 
readily established in decaying plant parts. Prunings from perennial 
crops also constitute a serious danger and even fallen rose leaves affected 
with black spot, Diphearpon rosac, ensure the dispersal and survival 
of the pathogen. As useful as the compost heap in a garden may be for 
providing a supply of organic manure, it nevertheless consists of a mass 
of decaying plant debris, and the danger of the dispersal of plant 
pathogens, in compost may be very real The ready growth of nonspecial- 
ized facultative parasites, such as P. ultimum and R. soUini in debris 
rich in leaf mold, is also likely to occur and must be reckoned with when 
such material is used for plant propagation. 


3. Persistence of the Pathogen 

a. Planting Stock and Plant Products Since planting stocks we 
normally not stored for long periods and are meant to be used with 
the least possible delay, the ability of the pathogen to survive over Ae 
winter or a dormant period will determine its reaching the new planting 
site in a viable condition. In the case of transplants such as tomatoes, 
chrysanthemums, and Brassicae, the adaptability of the pathogen to 
persist is not of great importance because only a few hours or days at 
the most are likely to intervene before the stock is replanted in its new 
site. This means that, except in occasional cases, where the pathogen 
may be killed during the period of transit or storage, the risk of its 
dispersal is always present. Even in cases where a fungus or bacterium 
is carried as delicate mycelium or in a nonresting state within the tissues 
of the host, such as Feronospora destructor, the cause of dow mildew 
of onion, or Conjnebacterium sepedonicum, the cause of potato bacterial 
ring ,ot, the conditions of storage will normally allow for the survival 
of the pathogen In most cases the pathogen will be prjent restmg 
mycelia, resting spores, or sclerolia, and thus 

adverse conditions Examples of the persistence of the pathogen as r^t- 
ing spores are provided by F- brassicae, S' 

bioHctm as well as pathogenic bacteria which f ^ 

deistocaips of S. mors-uoae will survive for long Pf “”‘1^ 

»re suitable for the release of ascospores B. «"Xir fo 

normally form resistant scleroHa which will retain their viability 
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years. Streptomyces scabies, the cause of common scab of potato, wil 
certainly persist in the tuber from one growing season to another. Viruses 
are persistent in planting stocks and are readily carried over during the 
normal period of storage. 

Plant products, although used for consumption or decoration, can 
also serve as agents for autonomous dispersal. Apple scab (V. m- 
aequalis), potato bacterial ring rot (C. sepedonictim), and virus dis- 
eases are cited as examples where the pathogen may survive and persist 
on or in such produce. 

b. Plant Debris. The conditions for survival and persistence of the 
pathogen in planting stocks and plant products also hold largely for 
plant debris, which may for many years provide a source of inoculum. 
Perennial crops are cited as an example where fallen leaves and prunings 
enable a pathogen to persist until the next growing season when they 
may be instrumental in assuring dispersal. Tn apple scab and black spot 
of roses, fallen leaves may provide a potent source of seasonal inoculum 
while in apple canker, caused by Neciria galligena, and American 
gooseberry mildew the prunings from trees and bushes may behave 
similarly. 


C. The Preuenfion of Autonomous Dispcrwl 
1. Inspecting and Testing for Infection and Contamination 

As with soil and seeds, reliable methods for testing plants and plant 
products for contamination or infection with a pathogen provide a 
valuable tool in helping to prevent its dispersal. In the case of material 
affected with fungal or bacterial diseases the task may be relatively 
simple since the symptoms of disease will normally be observed, and 
symptomatology, aided by examination for the presence of the pathogen, 
will provide the information required. It is not a difficult task to deter- 
mine whether Brassica seedlings are affected with P, brassicac, goose- 
berry transplants with S, mors-uvae, or seed potato tubers with S scabies, 
S. siihterranea, S. endohioticum, R. solani, or Pc. carotovorum, and an 
examination of the stock, supplemented, if possible, by field inspection 
and some knowledge of the growing crop will provide an accurate 
assessment of plant health. These are the methods normally employed 
in the granting of health certificates for the export of planting stocks 
and plant products. At the receiving end it is not uncommon for some 
form of plant quarantine to be set up whereby incoming planting stock 
can be grovm on m isolation and under constant observation for the 
purpose of health determination. 

Tlio contamination of planting stocks with viruses presents a different 
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and more diflicult problem because there is frequently no outward sign 
to indicate whether or not the stoek is affected. Symptoms present in 
growing stocks, such as transplants, may allow of some assessment being 
made, but in dormant stocks sucli as potato tubers, bulbs, corms, and 
leafless trees, etc., there is usually nothing to indicate virus infection. 
It is for this reason that inspection of the growing crop from which the 
stock is derived is practiced as a normal procedure for gauging the likely 
state of health of the produce. Systems of crop inspection have now 
come to bo practiced on a world-wide scale. No better example can be 
cited tlian that of the seed potato crop whore so mucli has been done 
to prevent the dispersal of crop pathogens by this method. But even so, 
the problem of determining health by crop inspection .alone is made 
difficult by the vary'ing symptom pictures presented by different potato 
v.arieties affected with the same virus, by infection vvith a vims complex, 
and by the c.xistencc of symptomless earrier varieties of potato. 

With increasing kmowledge and development of new techniques, 
however, it has been possible to elaborate testing methods whereby a 
more certain and accurate approach to the problem can be made. The 
Importance of this direct approach is being rapidly appreciated, and 
these new techniques are being used on an ever-increasing sciile to 
supplement or replace visual inspection in the field. Briefly, testing 
methods for vims contamination fall into the three categories of graftmg, 
the sap inoculation of indicator plants, and serology. Aldrough not so 
widely used for the more easily recognizable infectmns such as leaf roll 
and severe mosaic, they are now in common use for milder infections 
not readily determined by eye inspection. Tuber core grafting (Murphy 
and McKay, 1926) can be used for potato leaf roU, while stem grafting 
is employed for the determination of contamination with vimses X, A, 

B, and C; a scion of the stock to be tested is grafted onto a variety such 
as Craig’s Defiance, which is field-immune to al 4 viruses Sap inocula- 
tion from potato stocks of indeterminate health is made onto such 
indicator pimts as Nicotiana tabacm (White Burley) Nicotionii glu- 
tinosa, Datura stramonium. Solarium demrsmm (C P.C. 2103.1 for vuus 
Y and P.1.175404 for vims A), and Gomphrena globosa whereby char- 
acteristic symptom pictures of such sap-transmissible vims infections as 
are caused by vimses X, Y, and A are obtamed. The introduction of 
serological methods (Markham at al.. 1948, Matthews. 1957) m.arks yet 
another advance, since by using either the precipitm or agglutmation 
methods a rapid technique is made available for the defection of vimses 
xTnd S Rafting telniques have also been evolved for use wi* 
stocks of'strawbemies and raspberries. Healthy 

{Fragaria vesca). if inarch grafted xvith a strawberry variety of un- 
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known health, will act as indicators and provide a symptom picture of 
the Vitus carried (Hams, 1932) Similarly, liy a modification of Ilartiss 
method, adapted to bottle grafting (Gamer, 1947), and by using certain 
raspberry varieties as indicator plants, the health of raspberry stocks 
may be determined The e'ctended use of the electron microscope may 
prove a further boon to testing for health if, by further simplification, 
rapid and easily applied techniques hecomc available for the direct 
observation of the virus In preventing the dispersal of pathogenic plant 
viruses, testing methods are not only useful for the examination of 
planting stoch if and when required, but are proving invaluable as 
routine methods for the conduct of health surveys and for use in the 
building up of foundation stock of planting materials known to be free 
from virus contamination 

2 DecontaminaUcm 

a Planting Stocks and Plant Products The ideal method for prevent- 
mg the dispersal of plant pathogens by plants and plant products is the 
obvious one of growing healthy crops This may be achieved by cultiva- 
tion m areas where conditions are unfavorable for the incidence of 
disease or by introducing plant protective measures against the onset of 
disease But in spite of all that can be done there will be instances and 
seasons when planting stocks and produce will carry some kind of 
infection which will call for the application of some process of prac- 
ticable decontamination The form of treatment most commonly applied 
IS chemotherapeutical and is exemplified by the dipping of young apple 
trees into Bordeaux mixture before export or distribution for the control 
of V tnaequalis (Cass Smith, 1940), the steeping of raspberry canes 
into a weak solution of an organo mercurial to control Lrwmia tume- 
faciens, the cause of crown gall (Gleisberg, 1928), the immersion of 
vine cuttings into a 25 to 30% solution of ferrous sulfate to control 
Elsmoe ampehna, the cause of vine anthracnose (Ravaz 1927), and the 
steeping of bulbs of tulips and narcissi into a solution of formaldehyde 
or a mercury salt to prevent the transmission of bulb borne diseases 
(Newton ct ol , 1932, Hawker, 1935) 

The evidence suggests that some such treatments have been adopted 
as emergency measures without the undertaking of adequate experi- 
mental work, but there can be no doubt as to the need for further 
research on this problem The disinfection of seed potato tubers for 
the control of tuber borne fungal pathogens has received considerable 
attention, and the use of solutions of hot or cold formaldehyde, 
aciduhted mercuric chloride, and organo mercurials have all been rec 
ommended The dipping of tubers into a solution of an organo mer- 
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curial within 24 hours after digging has given promising results for the 
control of late blight caused by P infestans, dry rot caused by Fusanum 
coeruleum, common scab caused by S scabies^ some forms of black 
scurf caused by R solani and skin spot caused by Oospora pustulans 
but not of powdery scab caused by S mhterranea, (Giee^es, 1937, 
Cairns et al , 1936, Greeves and Muskett, 1939, Foister and Wilson, 
1943, Graham et al, 1957) 

The large scale plant for washing and disinfecting seed potatoes in 
Scotland, to which reference has already been made, operates on the 
pnnciple outlined above and aims at the production of high grade seed 
free from soil and viable tuber borne pathogens Although fumigation is 
commonly practiced for the deconfammation of stocks affected with 
insect pests, it has not found favor in use on other pathogens Heat 
therapy, applied as a hot water treatment, will free narcissus bulbs 
from mfecbon ilith the nematode Angmlllthna dipstta (Hamsboltom, 
1918a, b) Tlie bulbs are immersed m water for 3 hours at 110° F It 
has also been used to free mint (Mentha sp ) runners from rust caused 
by Fucemta menthae by immersing them for 10 minutes m mid February 
in water at 105 to 115° F (Ogilvie and Hickman, 1937) 

Mention is made of the ingenious theory advanced by Jensen (1887) 
to account for the introduction of the living blight fungus (P mfestans) 
into North Amenca and Europe Having found that the mycelium in 
potato tubers is killed at a temperature of 25° C, he concluded that 
durmg the first three centuries of potato cultivation the tubers were 
disinfected by heat m old sailmg vessels while passing through the 
tropics With the mtroduction of the steamship (circa 1830 to 1840) the 
tune taken to pass through the tropics was much reduced— with the 
result that the tubers were not decontaminated, and the pathogen sur 
vived the voyage in a viable condition (Jones et at , 1912) Heat therapy 
has also been applied for planting stocks contaminated uitli iiruscs 
Kunkel (1935) reported the recovery of peach trees from yellows disease 
when kept for 14 days or more at 35° C . while Kassanis (1949) freed 
potato tubers from the leaf roll vims by keeping them at 37° C in a 
moist atmosphere for a period of from 10 to 30 days Bawden (1950) 
suggests that this method of treatment is not likely to bo suitable for 
general application, but, at the same time, its possible \ahio for freeing 
small quantities of saluablc planting stock from virus contamination 
must be kept in mind 

The risk of dispersal through plant products also exists— especially 
for such produce as potato tubers mtended for consumption but which 
could be used for seed It is. therefore, most desirable to ensure that 
incoming produce is used for the purpose intended and not allow cri 
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to bo distributed willy-nilly tliroiigli areas where it could bo a danger 
to the health of cultivated crops. , i i 

b. Plant Debris The destruction of plant debris, either by burning 
or treatment with some means to render innocuous any pathogens it 
may carry, is the obvious way of combating the spread of disease 
through the medium of plant refuse, etc. Waste produce from stores and 
markets, prunings from fruit bushes and trees, discarded tubers, an 
roots thrown out m the course of sorting or grading the crop all come 
under this heading Reference has already been made to the danger ot 
the compost heap as a reservoir of viable plant pathogens. In the case 
of perennial crops of trees and bushes the fallen leaves may provide a 
source of inoculum each year for the next season, and where it has been 
found impracticable to collect and remove them, some such treatment 
as the spraying of the orchard floor with a suitable fungicide for the 
control of apple scab or the heavy mulching of the soil for the control 
of black spot of roses has been recommended. 

3 The Treventton of Plant and Plant-Part Dispersal 

Where doubt exists as to the possible contamination of plant parts 
or products and where decontamination is unpossible or impracticable, 
their dispersal in any area where the contamination is likely to become 
established and cause serious outbreaks of disease should be prevented. 
It is due to the failure to recognize or to realize the danger of dispersing 
contaminated material, either through sheer ignorance or through the 
lack of epidemiological knowledge, that the need has arisen for so much 
plant-protective legislation and the introduction of that most expensive 
and ideally unnecessary luxury, the plant quarantine. Quarantine is dis- 
cussed in some detail by Gram in Chapter 9 of this volume. 

Much of the early quarantine legislation had to be framed in the 
light of very incomplete knowledge, and like poor King Canute in his 
abortive attempt to persuade the flowing tide to ebb, the earlier legis- 
lators got their feet very wet. The Destructive Insects and Pests Act for 
England and Wales became law on Independence Day, 1907. Its first 
task was to stem the tide of entry of American gooseberry mildew into 
the country, since England was believed to be almost free from the 
disease. Inspection, made possible through the act, showed the disease 
to be already common in some of the country’s southern counties. For 
some time it has been very doubtful whether legislation framed to 
prevent the passage of a pathogen from one country to another can be 
effective when there is only a land border between the two, and with 
the increase in ease of speed and travel the value of an intervening 
ocean would now seem to be almost just as doubtful. Tlie complicated 
boundaries uhich have had to be evolved of necessity to preserve the 
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political integrity of the strains and races of mankind do not appear to 
serve the same or any other purpose in the case of microorganisms 
(Muskett, 1950). 

IVliereas, in the past, it has seemed the bounden duty of an import- 
ing country to prevent the inlet of produce which might he suspect, with 
increasing knowledge the emphasis has sliifted to the exporting country, 
which should prevent the export of sueli produce. In fact the time 
should come and may come (it has come in the case of seed potatoes) 
when e.\porting countries will vie with each other for the good health 
of their products. It is much easier and more sensible for a producing 
country to vouch for the health of its produce than to place the onus 
for determining health onto the expensive inspectorate of an importing 
country, which very often can only say that the incoming material is 
free from all disease and contamination to the best of its belief. 

Nor must the introduction of the pathogen as sneh be regarded as the 
bogey incarnate unless there is a grave risk of its introduction’s causing 
serious crop disease. Reference has already been made to the possible 
desirability of sending stocks of contaminated planting material to be 
grown in areas likely to clear their contamination. The inhabitants of 
Switzerland do not object to persons sick with tuberculosis entering 
their country to effect a cure; the climate of Switzerland encourages the 
recovery of the host and discourages the activity of the pathogen The 
immediate need is for less legislation on a small national scale and for 
more research into epidemiological problems and disease control, with 
the object of putting into practice the knowledge so gained. The findings 
of science must be treated as a whole, they must not be taken piecemeal 
and prostituted for political, financial, or national ends. It is only in 
this way that one of the objects of the Second International Plant Pro- 
tection Convention of 1931 can be attained. That object is that all 
plant-protective legislation should he framed with a view to encourag- 
ing international trade, and not to hindering such trade. When more 
research has been achieved and the accrued knowledge allows for a 
more truthful interpretation of the facts, it is essential that the findings 
be safeguarded and that their correct interpretation be preserved. If 
this cannot be done, the last state of things may be worse than the first. 
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I. iNTBODUenON 

Some pathogens are carried externally by animals, others internally, 
some are carried passively, others appear to have an active loogica 
association with their vectors, as the animal carriers are 
known about the spread of several pathogens by man and by insects, 
but very little about those dispersed by f , 

chapter is devoted to the spread of viruses, ‘^6 are 

diseases of great economic importance caused by animal-dispersed bac 
tcria and fungi, relatively few are plant pathogens. i._„orced is 

Knowledgf of the methods by which pathogens 
usually essential before efiFective control measures can . _.,»i,necn 
types of spread must be considered: (1) the introductmn of the pathogen 
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into a healthy crop, which event may occur over considerable distances, 
and (2) the spread from plant to plant within a crop. 

But let us examine first the pathogens to find out how they are 
adapted to transmission by animals. Viruses are by definition obligate 
parasites, and few sur\'ive for long outside living cells. Most lose m- 
fectivity in extracted plant sap within hours or days, but sorne, like 
tobacco mosaic and potato X viruses, can persist on clothing or in plant 
debris for many months, and are so infectious that they can be earned 
externally on animals, clothing, or machinery. This is exceptional be- 
havior, and most viruses are transmitted only when an animal, usually 
an arthropod, feeds first on an infected plant and then on a healthy one. 
The relationship between arthropod and virus is often close, as we shall 
see, although it has involved no obvious changes in the animals 
morphology. 

Bacteria, like viruses, are unable to penetrate plant cuticles and 
depend for entrance on natural openings or injuries. They depend less on 
animals for transport, as most are splashed in rain drops, are carried 
on or in seeds, or in soil, or occasionally are blown by wind. Some have 
several forms of transport, including animals, but at least one, the cause 
of cucumber wilt, appears to be entirely dependent on insects. Some 
bacteria occur in flowers and are spread by pollinating insects; some are 
contained in slime that oozes from lesions, and insects become con- 
taminated with these as they move about the plant or they may even 
be attracted to the slime. Others, like some viruses, are transmitted by 
feeding insects, and some are retained within the animal’s body for a 
considerable period. Most of these do not form resting spores or similar 
structures, and must survive periods when plants are absent, or weather 
is unsuitable for growth in diseased plant tissues, or more rarely, in soil 
or insect vectors. Unlike the fungi, bacteria are not adapted for wind 
dissemination, nor have they developed really efficient methods of insect 
transmission as the viruses have. 

Most fungal conidia are of the dry spore type and are blown away by 
the wind, but some have slime spores carried in a sticky liquid, which is 
dispersed by water or animals, usually insects. These are mostly micro- 
fungi, and only a few are pathogenic to plants. This subject was dealt 
with exhaustively by Leach (1940), who drew attention to the close 
resemblance in many respects between insect dispersal of pathogens and 
insect pollinnlion. Insects that both protect a pathogen and provide a 
means for it to enter a plant obviously provide an effective and prudent 
method of spread. There are some examples of apparent symbiosis be- 
cause the insect appears to bcncBt from its association with the fungus. 
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II. Dispersai. by Man 

Vegetative propagation from infected plants is an all too efficient 
means of increasing tlie number, and often the geographical range, of 
infected plants, and in adopting it widely man has perhaps played his 
biggest part in dispersing pathogens. The spread of viruses is particularly 
important because many varieties of plants carry virus without showing 
symptoms. Dispersal by seeds and plant parts is discussed in Chapter 3 
of this volume and need not be pursued further here. Fungal restmg 
spores are also probably transported by man over long distances, as are 
infective insect vectors, but little is known about such spread, it is 
probably less important, compared with the moving of infected plants, 
because the pathogen has few chances of surviving and spreading to 
other susceptible plants. 

Dispersal of a pathogen on a worker’s body or clothes, or on machin- 
ery or draught animals must usually be local, in contrast to man s dis- 
persal of infected tissues over long distances Few viruses are transmitted 
in expressed plant sap outside the laboratory because they are rarely 
concentrated enough to persist and cause infection Tobacco mosaic 
virus, however, is so stable that it can infect after 2 years on equipment, 
and potato X virus can persist for up to 6 weeks on clothing, so these 
can spread from one crop to another, as well as within crops, during 
cultivations or inspecUons (Johnson, 1937; Todd, 1958). Tobacco mosaic 
virus is spread widely among tomatoes while the plants are bemg tied 
up or side shoots are being removed; it is so persistent that it can suna^ve 
when plants are composted or when tobacco is cured, and may be intro- 
duced into an uninfected tomato or tobacco crop on the >>™“s o 
smokers. Potato spindle tuber virus is spread by the knives ™ 

tubers into seed pieces, a prevalent practice in Amen™ =.nd jibo by 
tractors passing through healthy potato crops after mfected ones (Mer 
riarand Bonde 1954). Tulip flower-break and Cymhidium mosaic are 
2 offi^fvhuser^pread^n cutting knives, but mo-c is nob 

neither is the infectious potato X vuus, P°“-b'y because tuber^p^^^^^^ 
chyma has too Imv a ^“94 Fruit growers who 

tor some viruses ^"rg^ivL: cJnjnabadcrium 

scpcdoniOTm (Spieck. and K ^ proportion of infected 

■-mmedia.ely. but less readily when the 
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cut surfaces are allowed to dr>' before planting (Bondc, 1939b). The 
sacks used to store or transport potatoes can also provide sources of 
infection. Several other bacteria arc spread on knives; for example, 
C. michtgnncnsc (E. F. Smith) Jensen, causing bacterial canker of 
tomato (Ark, 1944), and Pseudomonas solannccnnnn E. F. Smith, causing 
bacterial wilt of bananas (Sequeira, 1958). 

Many fungal spores are disseminated on hands, clothing, and machin- 
ery, but they are relatively unimportant in the epidemiology of the 
diseases, and there has been little work on this type of spread. Fungi, 
and soil-home pathogens of all kinds, can easily be transported on boots, 
implements, and the roots of transplanted plants; two well-knowm 
examples are Plasmodiophora hrassicae Woron., causing clubroot of 
crucifers, and Stjnchytrium endohioticum (Schilb.) Perc., causing potato 
wart disease — fungi that, although they cannot live as saprophytes in 
the soil, can exist as resting spores for many years in the absence of host 
plants Verticillium albo-atmm Beinke and Berth, causing wilt of hops 
and many other plants, persists for only a short time as a saprophyte in 
soils and is spread mainly by diseased plant residues carried alone or in 
soil. Wilt often follows the lines of cultivation down the rows of hop 
gardens, and is also spread around by the hop pickers (Keyworth, 1942). 


III. Dispersal by Other Mammals anb Birds 
Very little is known about the dispersal of pathogens by wild animals 
Dispersal by draught animals attached to cultivation machinery can 
reasonably be attributed to man. Pathogens that can persist on clothing 
or machinery might easily be earned on an animal’s hair or a bird’s 
feathers, and rabbits and dogs spread potato X vims in potato crops 
when they brush past infected plants and break the leaf hairs (Todd, 
1958). Birds have not been described as vectors of plant viruses, but 
there seems no reason why they should not carry some on their feathers 
or beaks. Game birds, such as partridge, often run within crops before 
tiymg and might well be responsible for some of the unaccountable 
introduction of virus X into healthy potato crops. 

Dogs, mice, birds, and indeed, frogs, and anything eke that moves in 

snnr“°^f" 'i’!'"!! SphmrelU linarum Woll , 

spores of which ooze from infeeted flan plants in a gelatinous matrix 

una i mT 1“'' -“y also spread the 

mTakn crops over a distance, and small mammals Ld birds 

X/stnut hl XT "'’r n"'" Birds carry the 

perithe’da in w X" ascospores discharged from 

peritheca in wet weather, but outbreaks in new areas and the conse- 
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quent rapid spread through North America were probably caused by 
insectivorous birds (Heald and Studhalter, 1914). Old cankers of 
chestnut blight are often infested with boring insects, for which birds, 
especially woodpeckers, search and then become contaminated with 
Pycnospores. Several birds, shot while in the branches of infected trees, 
were carrying Endothia spores; two woodpeckers each had more than 
^alf a million spores on its plumage. Leach (1940) pointed out that 
woodpeckers feed on tree cambium as well as on insects, and so could 
easily infect healthy trees during feeding. 

Little work has been done on the passage of pathogens through the 
intestines of animals other than insects. Many nonpathogenic fungi are 
coprophilous, and some are adapted to passage through animals The 
resting spores of two plant pathogenic fungi are spread in dung to clean 
fields, after potatoes infected with S. endobioticum (wart disease) or 
brassica plants infected with P. brassicae (clubroot) have been fed to 
stock (Gibbs, 1931). 

IV, Dispersal by Small Animals, other than Insects 

The eriophyid mite Phytoptus ribis Nal. has long been known to 
transmit black currant reversion virus, but recently enophyids were also 
found to be vectors of several other viruses. Wheat streak mosaic and 
wheat spot mosaic viruses are transmitted by all active stages of Aceria 
tulipae Keifer that are reared on infected plants. The mites remain in- 
fective for several days and through molts; adults are unable to acquire 
virus, but nymphs become mfective after 30 minutes on infected plants. 
Wheat streak mosaic virus is carried by wind-borne mites, which breed 
mainly on wheat, and do not survive long off living plants. Several 
species of grass are susceptible to the virus, but the disease is found on 
ivheat only when so^v^ near other wheat crops or volunteer i\4ieat; plants 
that emerge after adjacent crops have matured are not infected (Slyklniis, 
1955; Staples and Allington, 1956). Mites also transmit fig mosaic and 
peach mosaic viruses, they inhabit closely adhering peach Icaf-hud 
scales, which are characteristic of the retarded buds of infected trees in 
summer, so the virus apparently modifies the tree in favor of the vector 
(Wilson ct al., 1955). 

Mites have seldom been shown to transmit bacteria or fungi; since 
they usually occur in rotting tissues of v'arious bulbs and of carnation 
buds, it is assumed that they transmit the pathogens responsible, but 
this needs confirming. Tlicy also often ocair in the tunnels formed by 
bark beetles, and may possibly play a secondary' role in spreading Dutch 
elm diseasc 'and blue*st.ain fungi. As Lcacli (1940) points out, many of 
the mites arc carried by flics and other winged insects that fecil on 
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decaying tissues. These insects themselves might carry pathogens but 
the fact that mites are wingless does not preclude them from being 
vectors. Nevertheless, more critical experiments are needed before their 
significance as vectors can be assessed. 

Leach also quoted a few papers which show that slugs occasionally 
transmit fungus spores from diseased to healthy plants, but they are 
probably of little importance as vectors. 

Like some insects several nematode species eject the contents of the 
esophageal gland when feeding and in doing so might transmit patho- 
gens. Indeed, Steiner ( 1942) concluded that soil nematodes are important 
as vectors of bacteria and viruses, but no virus, soil-borne or other, has 
yet been shown to be carried by nematodes.* No doubt pathogens can 
enter through nematode feeding punctures, but although various associa- 
tions between nematodes and pathogens have been described, little 
critical work has been done on them. 


A few bacterial and fungal diseases seem to be more prevalent when 
nematodes are common than when they are not, and some depend on 
nematodes for their spread. One bacterium that apparently infects only 
when carried by nematodes is Conjnebacierlum jascians (Tilf.) Dowson, 
which, with die eelworms Aphelenchoides rifzetrui’hosi (Schwartz) 
Steiner and A. fragariae (Ritzema Bos) Christie, causes the hyper- 
plastic “cauliflower” disease and enations of strawberry (Crosse and 
Pitcher, 1952). The nematodes are ccloparasitic and carry the bacteria 
to the meristematic tissues, through which the plant is infected, but 
which are normally inaccessible to bacteria because they are tightly 
enclosed within stipules. Similarly, C. tritici (Hutchinson) Burkh. does 
not infect wheat in the absence of Angnina tritici (Steinbuch) Filipjev 
(Cheo, 1946). Galls containing nematodes (cockles) are formed in place 
of seeds, and are then dispersed by man; bacteria carried within them 
can remain viable for months. The same eelworms are almost always 
associated with the fungus Dilophospora alopeairi Fr., which causes leaf 
deformed heads of wheat and other cereals (Atanasoff, 
19..5). The nematodes emerge from the cockles in moist soil and live as 
ectoparasites on cereal plants until they invade the ovaries. Tlie fungus 
mtccts the nematode galls and its spores become attached by bristle-like 
appendages on the mucous covering of the eelworms, which can also 
acquire spores from germinating pycnidia in the soil. The spores appear 
to infect only when placed in wounds near the growing point. 

Nematodes even though not spreading pathogens may nevertheless 

w il’^n '/"rl",’' ‘",‘7 after this chapter tvas rerittcn: llctv.tt, 
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help them to infect plants. For instance, several root knot nematodes 
increase the incidence of carnation wilt by providing wounds for the 
entry of Pseudomonas caryophijUi Starr and Burkh. into roots (Stewart 
and Schindler, 1956). 


V. Dispersal by Insects 

After the discovery in the mid-19th century that fungi and bacteria 
cause many diseases, it was sometimes posiu]ated that insects might 
disperse them, but the first experimental evidence was not obtained until 
1891, when Waite showed that bees and wasps carry Erwinia amtjlovora 
(Burrill) Winslow et al., the fire blight bacterium of pears, from dis- 
eased to healthy blossoms while searching for nectar. By 1920 several 
virus, bacterial, and fungal diseases were known to be caused by path- 
ogens transmitted by insects, but relatively little work was done on the 
subject because plant pathologists and entomologists rarely worked to- 
gether and seldom trespassed into one another’s subjects. Later, viruses 
attracted workers from both disciplines, and consequently more is now 
known about their transmission by insects than that of other pathogens. 
Leach and his co-workers in the United States have pioneered work on 
the spread of fungi and bacteria by insects, and Leach’s book (1940) 
has stimulated interest in this, partly because some of the diseases, 
such as Dutch elm disease and chestnut blight, are of considerable 
economic importance. 

Insects are often associated with fungal and bacterial diseases, but 
it is sometimes difiicult to prove that they are vectors. They are, how- 
ever, well equipped to act as such, bec.ause most of them depend on 
plants for food, they are generally active, and their body bristles enable 
them to carry many spores or bacteria externally. In addition, many plant 
pathogens can survive, and some even multiply, inside insects, and 
insects that regurgitate during feeding seem particularly well adapted 
to act as vectors. 


A. Method of Transmission 


•1. Virtiscs 

Not all insects that feed first on a diseased plant and then on a 
healthy one transmit viruses. Virus must be introduced into a living cell 
before infection occurs, and so Uic Uomoplera, with pierdng and suck- 
ing mouth parts, are partiailarly effective vectors. Most of tliem feed 
without causing major damage to plant cells, unlilc (lie ffetcroptera, 
which often h.avc toxic saliva. Damage around the fowling puncture may 
I>c one reason win- so few Jlotcroptcra transmit \intsos. 
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Some viruses are rarely or never insect-transmitted; some are trans- 
mitted by one or a tew species of insect; and others by inany, but no 
claim that a virus is transmitted by more than one major group of 
insects has yet been confirmed, eieept where the virus is carried as a 
contaminant on the body, as is tobacco mosaic virus by leaf-miner flies 
(Costa et al, 1958). This virus can also be transmitted occasionally by 
grasshoppers (Wallers, 1952). Some of the diSerenccs in behavior 
depend on the virus, for the same insect species may show very different 
efficiency in transmitting different viruses. 

There is at present no satisfactory system of virus classification, but 
insect-transmitted viruses can be divided into three imprecise groups 
according to their behavior in the vector: (1) viruses that are acquired 
in brief feeding periods (often less than a minute) on infected plants; 
the vectors usually cease to be infective within an hour, and the 
efficiency of transmission is increased if they are prevented from feeding 
for a few hours before feeding on the infected plant (Watson, 1938). 
This group comprises the “nonpersistent” viruses of Watson and Roberts 
(1939). (2) ‘Tersistent” viruses are acquired only after longer feeding 
periods on infected plants, and once infective, the insect vector often 
remains so for many days or weeks. (3) some viruses, such as beet yel- 
lows, have vectors that remain infective for several hours, and have 
been called “semipersistent” (Sylvester, 1956). 

Nonpersistent viruses are transmitted by aphids, which also transmit 
some persistent ones. All those lcno^vn to be transmitted by leaf hoppers, 
white flies, bugs, thrips, and most biting insects are persistent. They 
usually have a noninfective or ''latent” period, that is, the insect is 
unable to transmit virus for some hours or days after feeding on an 
infected plant, whereas nonpersistent viruses are transmitted immedi- 
ately after the acquisition feed. Some viruses that are transmitted only 
after a noninfective period in the vector may need to multiply within 
the insect to reach a transmissible amount, but with others the period 
may simply be the time needed for virus to pass through the gut wall 
into the blood and thence to the salivary glands. These noninfective 
periods differ greatly in length with different viruses and insects. 

Several leaf-hopper-transmilled viruses multiply within their vectors 
and some are transmitted tlirough the eggs, which provide the viruses 
™ of survival than in infected plants (Fukushi, 

IJM; Black, 19o0). But not all persistent viruses multiply and remain 
inicctivc within the insect, and beet leaf hoppers, CircuUfer tencllus 

(Frchag losof " 

Many viruses are transmitted by one or very few leaf hopper species. 
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but tile causes of such specificity are largely unknown. In some it may 
bo connected with the insects feeding habit and the distribution of the 
virus within the plant; for instance, beet airly top virus seems to be 
restricted to the phloem, and lucerne dwarf virus to the xylem (Bennett, 
1934; Houston et oh, 1947). Vectors arc then restricted to phloem or 
xylem feeders, and a reason why insects often transmit virus only to 
some plants in a series may be that the hopper does not always reach 
tile tissues in which the virus can develop. Some jassids are known to 
find the phloem more readily than others, possibly because they follow 
a pH gradient from the epidermis to the phloem (Fife and Frampton, 
1936; Day ct at, 1952). 

All instars of most insect vectors are able to acquire and transmit 
Virus, but sometimes the noninfective period of persistent viruses is 
longer than the development period of larvae or nymphs, and then only 
adults can be vectors. Tomato spotted wilt virus, however, cannot be 
acquired by adult tlirips, but these can transmit virus when they acquire 
It as larvae (Bald and Samuel, 1931). Some mstars may be more 
efficient vectors than others; for instance, adults of the mealy bug 
P-sewdococcus cltri (Risso) transmit cacao swollen shoot virus more 
^■eadily than young nymphs (Posnette and Robertson, 1950). 

Most persistent viruses are not readily sap-transmitted, possibly 
because they are in too low concentration in plant extracts or because 
they need to be put into specific tissues, but those transmitted by biting 
insects are unusual in persisting in their insect vectors for considerable 
periods and also being easily sap-transmissible. FJea-beetle vectors of 
turnip yellow mosaic virus and the cucumber beetle vectors of squash 
mosaic virus regurgitate infective juice from the foregut during feeding; 
they not only infect plants fed on immediately after an acquisition feed, 
but continue to be infective for several days (Markham and Smith, 
1949, Freitag, 1956, Martini, 1958). 

Tbe noninfective period in aphid vectors of persistent viruses differs 
With different test plants and environments. When potato leaf roil virus 
is acquired from potato by Mtjzus persicae, the aphid is not infective 
for about 2 days, but this period is decreased to several hours when the 
source is Datura stramonium L. and sometimes to less than an hour with 
Physalis fioridana Rybd. (Smith, 1931; Kassanis, 1952; Kirkpatrick and 
Ross, 1952) Although it might be expected that some persistent viruses 
multiply in aphids, as in leaf hoppers, tlie evidence for potato leaf roll 
and other viruses is inconclusive (Day, 1955; Harrison, 1957). 

Because aphids transmit nonpersistent viruses much more readily 
when starved before the acquisition feed, those tlmt Iiave ffon-n a Jong 
way are in a favorable state to transmit if they feed on an infected 
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plant when they land in a crop. Some of these viruses can be acquired 
or transmitted extremely quickly, often by aphids that probe the epi- 
dermis to test the suitability of a plant as a source of food; thus potato 
Y virus can be acquired in 5 seconds, but probes lasting up to 1 mmute 
arc more likely to make an aphid infective (Bradley. 1954). Whim the 
aphids’ stylets remain inserted for 20 minutes or longer, most aphids are 
not infective, and many cease to be infective within 15 minutes of leav- 
ing the infected plant, even when fasting. Virus is carried near the tips 
of the stylets and aphids rarely become infective after the stylets pene- 
trate beyond the first layer of cells (Bradley and Ganong, 1955). The 
stylet tips are well-adapted for carrying virus-containing sap, and van 
Hoof (1958) suggested that virus might be acquired more readily from 
epidermis than from parenchyma because aphids pierce the epidermis 
through the cell wall, but the parenchyma through the intercellular 
spaces. Both he and Bradley found that aphids could acquire virus from 
the parenchyma, so the suggestion of Bawden et al. (1954) that non- 
persistent virus occurs predominantly in epidermal cells may not be the 
only reason for the effectiveness of short acquisition feeds. 

Altliough many nonpersislent viruses are transmitted by several 
species of aphid, there is still considerable vector specificity. Thus Mtjzus 
omatu$ Laing, Mtjzus ascalonictts Done , and Aulacorthum soJanl (Kith.) 
transmit dandelion yellow mosaic virus and not lettuce mosaic, whereas 
M. persicac transmits lettuce mosaic virus but not dandelion mosaic 
(Kassanis, 1947). Even when several species can transmit, some do so 
more readily than others, Tlic cause of such differences has not been 
determined altliough the presence of different virus inhibitors in the 
aphid’s saliva or different abilities to adsorb viruses onto the stylets have 
l>ccn postulated (Watson and Roberts, 1940). 

Aphid populations arc usually heterogeneous and individual vectors 
often differ in their cfficicnc)’; some strains of M. pcrsicac are very poor, 
some vcf)’ good vectors of a particular virus, but it is not Icnowm whether 
an efficient strain for one virus would also be efficient for others (Stubbs, 
1933, Bjorling and Ossiannilsson, 1933). Not all individuals of the leaf 
hopper Cicadidirw mhila Naude transmit maize streak vims. Tliose that 
cannot (the inactive) pick up tlic vims while feeding on an infected 
plant, but vims docs not get into tboir blood. Inactive insects become 
able to transmit vims after their intestine is pierced by a needle to allow 
\ims to enter the blood {Slorc>'. 1033). Attributes of llic vims particles 
lh.il are chanecahlc scorn to determine transmissibilily by a given species 
(if aphid. Tlie spinach strain of ctiaimlicr mosaic vims was transmitted 
tiMdny by .Af. pcrsicac during 1915-10^1. but not at all in 1937. nllhough 
it SN. 1 S still tr.insmitti'd as regularly by 2 other species of aphids as in 
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earlier years. Other strains of this virus were as readily transmitted by 
M. persicae in 1955 (Badami, 1957). Other viruses have ceased to be 
insect-transmitted after being propagated by mechanical transmission 
for several years (Black, 1953), and an instance of gaining transmissi- 
bility is provided by potato C virus, which was not aphid-transmitted 
when derived from potatoes in 1945 and 1955, although apparently 
closely related to the aphid-transmitted Y virus. After propagation by 
mechanical inoculation in Nicotiana glutinosa L. and N. tabacum L 
for 10 years ft could be transrnitfed by M. persicae. However, when 
passed through potato and back to tobacco, it ceased to be aphid- 
transmitted. This suggests that the attributes of a virus that allow it to 
he insect-transmitted can be affected by the host plant in which it is 
multiplying (Watson, 1956). 

2. Bacteria 

Unlike viruses, very few of which are carried externally as con- 
taminants by insects, most insect-transmitted bacteria are carried inci- 
dentally. A few insects, which probably have been long associated with 
the bacteria concerned, appear to have a symbiotic relationship with 
them, and still fewer seem specially modified morphologically to carry 
bacteria and ensure their survival. 

Like all bacteria carried incidentally Erwinta amijlovora, which 
causes fireblight of apples and pears, is not dependent on insects, as 
both primary and secondary infections occur by rain splash. Neverthe- 
less, insects play a prominent part in dissemination, and primary infec- 
tion occurs when flies, ants, and others cany bacteria from bark canker 
exudate to the blossoms (Thomas and Ark, 1934). Bees and wasps carry 
bacteria from flower to flower on their mouth parts, but infection occurs 
only when the sugar concentration of the nectar is low (Keitt and 
Ivanoff, 1941). Aphids, bugs, and bark beetles cany the bacteria ex- 
ternally and infect shoots when feeding, but bacteria may live for several 
days in the intestines of flies, and eggs may be contaminated as tliey are 
laid; bacteria can persist also in puparia and contaminate emerging 
adults. 

Larvae of cabbage root fly (ErioisdiUi brossica Bouch6) cany 
Erwinia carotooora (L. R. Jones) Holland, both externally and internally; 
bacteria are acquired from fly eggs which are contaminated as they are 
laid or from decaying plant material or the soil, and they can over- 
winter in tlie pupae. They cause stump and heart rot of cabbages and 
other brassicas (Johnson, 1930). Similar pathogens cause soft rot of 
onions, carried by the onion fly (Della antiqua Meig.) and ccicrj' rot, 
transmuted by two leaf miners (Leadi, 1927). 
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Erwinia tracheiphila (E. F. Smith) Holland, which causes bactCTial 
wilt of cucurbits. IS apparently entirely dependent on the beetles Dio- 
hrotica vittata Fabr. and D. duodecimpunctata Oliv. for overwintering 
and transmission (Rand and Enlows, 1920). The beetles are particularly 
effective vectors because during feeding they wound the vascular bundles 
to which the bacteria are largely confined. 

Lepidoptera have seldom been described as vectors of plant path- 
ogens, but the moth Cactobrosis femaldialis (Hulst) is the main vector 
of the bacterium Erwinia camegieana Lightle et al , which destroys giant 
cacti m Arizona Bacteria can be isolated from adult moths, and egg 
surfaces and larvae carry them externally and internally. Larvae move 
away from severely diseased tissues and carry the pathogen through the 
corlc, which would otherwise seal off the necrotic area (Boyle, 1949). 
Wffien potato tubers are cut into “seed pieces,” the formation of cork 
prevents entry of Erwinia afrosepHca (van Hall) Jennison, causing 
“blackleg,” or seals off necrotic lesions, but insects that feed on the 
potato below ground aid its entry, and by burrowing in the tubers, 
prevent the formation of wound cork (Bonde, 1939a). Some of these 
insects have a symbiotic relationship with the bacteria: species of Deh'fi 
develop normally on infected tubers, but not on sterile ones (Leach, 
1931). The bacteria occur in many cultivated soils, but are unable to 
penetrate undamaged roots or tubers. Bacterial rot of apples, caused by 
Pseudomonas incJophthora Allen and Riker, follows feeding by the apple 
maggot {Rhagolclis pomonclla Walsh). Bacteria are carried externally 
and internally by the adults, apples are inoculated when the eggs are 
laid, and the bacteria are carried in by the burrowing larvae, which 
prefer rotting tissues (Allen ct al, 1934). 

A close s)Tnbiotic relationship has l>een reported between tlie olive 
fiy (Dficus olcac Rossi) and several bacteria, including Pseudomonas 
savnstonoi (E. F. Smith) Stevens, which causes the olive knot disease 
(Petri, 1910, Stammer, 1929). Anatomical modification of the adult 
insects ensures the perpetuation of bacteria through successive genera- 
tions; tlie anal tract of the female contains bacteria In several sacs, 
opposite which is a slit in the membrane separating the tract from the 
vagina, \\1ien an egg passes along the vagina, the slit opens and the egg 
presses against the openings of the sacs; some bacteria enter the micro- 
p\le ami later the developing cmbr>'o. Tlicy are inserted into oviposition 
to are the source of most olive knot in 
Italy. Tlie insect is not present in California, and there the bacteria 
spread more slowly. 

TliCK- ilUntralr two important facts. First, few bacteria 
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cause systemic infection. Insect vectors often not only make the mitial 
infection, as with viruses, but also often spread the bacteria from place 
to place over plants. Second, many bacteria are earned internally by 
insects, a fact which may be of evolutionary significance in helping to 
tide them over unfavorable periods 

3. Fungi 

Some fungi differ from viruses and bacteria because they can actively 
penetrate plant epidermis Others depend on natural openings such as 
stomata, while still others, such as bactena, enter through wounds 
Relatively few fungi are spread by insects, but some are so well-adapted 
to insect transmission that they may have been*associated for a long time 

Some insects, especially pollinators which feed without wounding 
the plant, act merely as vectors of fungi, but the pathogen is often well- 
adapted for this form of spread. For instance, Botnjtis anthophila Bond , 
spread by bees, sponilates only on the anthers of red clover, and 
Vstihgo violacea (Pers ) Roussel, spread by nocturnal moths, replaces 
the pollen of campions, pinks, and other Caryophyllaceae with stick 7 
smut spores, the petals are unaffected and the flowers remain attractive 
to insects. Mycelium penetrates the ovary but does not destroy tlie 
developing seed, which later produces a systemically infected plant 
whose flowers all produce spores. A small hymenopteran, Blastophaga 
psenes (l ), ensures an unusual method of pollination called caprification 
and causes an internal rot of figs by carrying spores of Fusarium 
^onlliforme var. fid Caldts from infected to healthy fruits (Caldis, 
1927). The adult male insects emerge from their galls and penetrate to 
the female insects in their galls in the male inedible figs. The fertile 
females emerge through the eye of the fig and so collect pollen from 
the staminate flowers Male figs, some of which may be infected with 
the fungus, are hung on female trees when the insects are due to 
emerge, these enter the receptacles of the female edible figs to oviposit, 
pollinating and inoculating the fruit with fungus while doing so They 
cannot oviposit in the female fig, however, because the stj’Ics arc much 
longer than those of the male Rowers. Without pollination the fniit of 
some varieties drops before it is mature. 

Some insects cany’^ fungi on their mouth parts and introduce them 
into plants when feeding. Ncmalospora gosstjpli (Ashby and Now.), 
causing stigmatomycosis of cotton, probably depends entirely on cotton 
Stainers and related bugs (Dtjstlercus spp.) ^\h^cll introduce into tlic 
bolls ncodle-hkc ascosporcs that are thin enough to allow p.issacc 
through the st>lct canals to and from the stylet pouches of the insect 
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(Frazer, 1944). Plant bugs are noted for the injury they cause when 
feeding, and Leach (1940) suggests that the necroses may not all be 
caused by toxic saliva, but may often be caused by associated fungi of 


the Nematospora type. 

Other fungi are carried into the plant by boring insects; the bark 
beetles that carry Ceratostomella ulmi Buism., causing Dutch elm dis- 
ease, are mainly in the genus Scolytus, and the fungus sporulates freely 
in their egg galleries. Adults are covered by, and ingest, spore-containing 
slime with which they inoculate the twigs of healthy trees, upon which 
they prefer to feed before breeding beneath the bark of trees that have 
been weakened by the fungus during previous years (Clinton and Mc- 
Cormick, 1936). Several brown- and blue-stain diseases of conifers are 
caused by species of Ceratostomella and related fungi, which stain but 
do not rot the wood and are similarly transmitted by bark beetles 
(Craighead, 1928). These beetles {Ips and Dendroctonus spp.) breed 
only in trees that are dead or weakened by other agents; they do not 
weaken trees by inoculating them with fungus, as do Scoltjtus. When 
they attack living trees, however, the fungus blocks the transpiration 


stream and the trees soon die. Although fungi are ingested by the larvae, 
Leach (1940) considers them unimportant as food, but important be- 
cause they weaken the tree, decrease its water content, and make it 
more suitable for beetles. Three species of scolytids infest different parts 
of white fir {Abies concolor Ltndl. and Gord.) in California; the fungus 
Splcaria anomola (Corda) Harz, is associated with those at the top of 
the tree and in the branches, and causes a light brown stain. Tricho- 
sporictim stjmbioticiim Wright causes a darker stain and is associated 
with a third species at the bottom of the tree, although both fungi will 
grow any\vherc on the tree when inoculated Both kill the cambium as 
t ley advance, as do many scolytid-carried fungi, preventing an inflow 
of resin into the brood galleries of the beetles (Wright, 1938). 

Tlie importance of these beetle vectors to the lumber industry was 
demonstjated by Verrall (1941). Since chemical fungicide treatment of 
lumber became common, dispersal of air-borne spores has become unim- 
portant, but the ambrosia beetles that attack hardwoods and the bark 
beetles that attack softwoods are undeterred by the protective surface of 
chemicals and Inoculate the timber below it. Boring insects are not con- 
fined to wood Lawae of the com borer, Fyrausta nuhihlis Hubn., dis- 
1 utc several pathogenic fungi and bacteria within maize plants. Tliey 

susceptible to fungal 

Icnscn and £hndder.S).“ development (Chris- 

A funpis Hint enters tlirougli feeding wounds is CMoncclria ctictirbi- 
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tula (Curr.) Sacc., which causes burn blight of pines. Numerous spores 
exude whenever mature perithecia are moistened, and they are common 
on the foliage of attacked trees. Adult spittle insects (ApJirophora 
saratogensis Fitch) are contaminated as they crawl about on small 
twigs near the tops of trees during the autumn, and the fungus enters 
through their feeding punctures. The next year the fungus girdles the 
twigs, then moves down the cortex, killing the tree during the next 
3 years (Gruenhagen et al., 1947). Wasps and other insects spread 
Sclerotinia fructigena Aderh. and Ruhl. when they feed, for spores 
usually enter only through wounds. The fungus spreads rapidly through 
fruit, causing brown rots of apples, pears, plums, and peaches, and 
sporulates on the surface, so the insects readily become contaminated 

Feeding is not the only way in which insects wound plants, and 
some fungi are introduced when eggs are deposited in plant tissues 
Urocerus gigas (L.) and Strex cyaneus F., the wood wasps, inoculate 
Stereum sanguinolentum (Fr.) Fr. in conifers and cause heart rot (Cart- 
^vright, 1938). The insects are well adapted for this, and carry the fungus 
in sacs at the anterior end of the ovipositor, so the egg is contaminated 
as it is laid. Larvae eat hyphae and carry the fungus in their hypo- 
pleural organs (Parkin, 1942). A less intimate relationship exists be- 
tween crickets of the genus Oecanthus and Leptosphaeria conhthyrhim 
(Fuckel.) Sacc., causing tree-cricket canker of apple and cane blight of 
raspberry (Gloyer and Fulton, 1916). The female eats a small hole in 
the bark, deposits her egg, and then closes the hole, either with a fccaf 
pellet or a chewed piece of bark, usually diseased. Spores and hyphae of 
this and many other fungi are carried internally and externally by the 
insects and contaminate the wound. 

In an entirely different category of vectors are the fungus feeders, 
mainly Diptera and Coleoptera, which feed on the s^vcct sticky secre- 
tions that contain the spores, they arc contaminated by these, and later 
leave them on healthy flowers or plants. Examples arc the SphaccUa 
stage of tlie ergot fungus, Claciceps purpurea (Fr.) Tul , and the pycnio- 
spores of thistle rust. Wind-home ascosporcs of C. purpurea infect r>c 
and otlier Gramincae in spring; the fungus invades the ovar>' and de- 
velops conidia (SphacclUi) in a secretion which is seemingly attractive 
to insects. Several insects visit r>'C to feed on the pollen and secretion, 
and arc contaminated cxtcm.ally, or thc>' ingest the spores, which may 
be excreted or regurgitated later on a healthy spikclet. Craigie (1927) 
showed the importance of flics in producing Ti>hrids“ of rust funcri hy 
carrj'ing pycniospores from one p>cn!dmm to another. 

Fungus feeders that have caused considerable economic loss during 
recent years arc the nitidulid and scol.vtid Iwctlcs that spread the oal 
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Wilt fungus, Endoconidiophora fagacearum Bretz This fungus forms 
mycelial mats under the bark, which splits above them, beetles are 
attracted, presumably by the odor, and both they and their larvae feed 
on the fungus The fungus is heterothallic, and the beetles serve as 
spermatization agents by transmittmg endoconidia from mats of one type 
to those of the other, thus stimulatmg the production of perithecia and 
ascospores The two thallus types are rarely intermingled and depend 
on msects for cross fertilization The msects also inoculate fresh wounds 
with spores as they walk over them (Jewell, 1956, Dorsey and Leach, 
1956) 


B Geographical Distribution 

The spread of plants around the world has widely distributed many 
pathogens and vectors, these are not always earned simultaneously to a 
new area, and a pathogen introduced alone will not spread unless a 
‘local’ msect can act as a vector Thus tnsteza disease of citrus trees 
became prevalent m South America soon after infected trees were 
imported from South Africa because Aphis citricidus Kirk, an efficient 
vector, was already prevalent As this aphid does not occur in Cali- 
fornia, tnsteza spreads less rapidly there than m South America (Wal- 
lace et al , 1956) 


Viruses may be introduced into a new area unwittingly in insect- 
free and apparently healthy plants, and may then be transmitted by new 
Nectors to plants which react with a severe disease A newly intro- 
duced insect may also cause trouble by transmitting an indigenous virus 
from plants which are little affected to others which react severely 
Tlie discovery of Dutch elm disease m the Netherlands m 1919 and 
the rapidity with which it assumed the status of a major disease suggests 
tint the fungus had not long been associated with bark beetles, which 
had been kno\s’n for centuries to infest weakened trees It was probably 
not widespread in Europe earlier because the disease is obvious and 
also, when Scolr//us multistriatus Marsh was taken to the United States 
before 19^ the fungus was not introduced A later introduction m the 
19.0 s included the pathogen, and this beetle is now the most important 
vector in the United States (Leach. 1940) Ccratostomella ulmi might 
have replaced less efficient fungi with which the beetles were originally 
associated although, as llicrc are nonpathogenic strains, a pathogenic 
T saprophyte fungi are alwnjs 

‘iboTT* * njtiduhd beetles m wounds on healthy oak trees wlicre 
thoTn M f not been found 

f 9'^ T "r nppircntly svmbmlic Jewell 

( 9>G) suggested tint Emiocondiophora fagaccanan had recently be- 
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come a symbiont, for oak wilt does not occur in many areas where both 
oaks and beetles abound. 

As in organisms, mutation in viruses, coupled with geographical 
isolation, appears to lead to the development of distinct strains. Thus 
Brazil, Argentina, and North America have their characteristic strains 
of beet curly top virus, each with a different species of leaf hopper as 
vector (Smith, 1957). A strain of curly top similar to the North American 
strain occurs in Turkey, and Bennett and Tanrisever (1957) postulated 
that the virus originated in Europe and was carried with beet to several 
parts of the New World, where it acquired different vectors. 

Some polyphagous insects are restricted to a few plants during part 
of the year; thus Mljzus persicae overwinters only on Pnmus spp in 
many areas’ and on horticultural crops in others. Although the aphids 
cannot acquire potato viruses from such plants and some fly long dis- 
tances. the potato virus diseases are often most prevalent m crops near 
peach orchards or gardens because aphid vectors are most numerous 
there (Davies, 1939, Davis and Landis, 1951). 

Changes in cropping can affect the number of vectors in a specific 
area: millions of Pnmus serotina Ehrh. were planted in the north Neth- 
erlands as forest shade trees during the 1940’s and proved to be excellent 
winter hosts for M. persicae in an area where peach is scarce (Hille Ris 
Lambers, 1955). This species also increased greatly in the Imperial 
Valley of California when the amount of sugar heet lyas increased. This 
in turn increased the incidence of cantaloupe mosaic in melons even 
though the aphids do not colonize the melons (Dickson et al, 1949). 
Leaf hopper vectors of beet curly top virus multiplied greatly during 
the depression of the 1920’s on the weeds of abandoned farms m the 
western United States. The natural sagebrush, and well-cultivated grass, 
are not favorable covers for hoppers, but overgrazing during this period 
turned many ranges into semidesert in which the hoppers flourished 


(Piemeisel, 1932). , » • u • 

Predators and parasites play a major part m altering an insect popula- 
tion from one year to another and also from one area to another. It is 
often difficult to assess their influence because so many insects are 
involved. Few studies have been made in the detail attempted by Hille 
Ris Lambers (1955)> who found that tlie aphid-predator-parasite-hyper- 
parasite population in a potato crop included over 50 species. After 
aphids have become numerous on crops such as potato, they often sud- 
denly disappear. Hansen (1950) .and Hille Ris Lambers noted that this 
decrease occurs earlier when aphids are more numerous than usual, 
and they attributed this to insect enemies, mile agreeing that parasites 
and predators always help to determine the ultimate size of the popul.a- 
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apterae (wingless forms) are also numerous at these times. On that 
account Posnette and Cropley (1954) could not determine which were 
principally responsible for the spread of virus to adjacent plants. The 
growth of plants in a crop may so modify the microclimate that the 
vectors can no longer breed on them Circulifer tenellus infests beet and 
spreads curly top virus within the crop only when the plants are young 
because the environment is too humid for the leaf hoppers when the 
plants cover the soil (Romney, 1943). 

Many insects are more active and may carry virus farther when it 
is warm than when it is cool. Bald (1937) recorded a close positive 
correlation between temperature, thrips activity, and the number of 
plants showing spotted wilt 12 days later. In Florida aphids carry pepper 
vembanding mosaic virus to peppers only within 150 ft. of the source 
when the temperature averages 62® C., but much farther at higher 
temperatures (Simons, 1957). In addition to its effect on movement high 
temperature may affect the insect’s infectivity and the plant’s suscepti- 
bility. M. persicae is a more efficient vector of potato leaf roll virus when 
reared on infected plants at 27® C. than at 22® C , and the resistance of 
the potato is lower at 27® C (Webb, 1956). 


D. AvailahllUfj of the Pathogen and Susceptibility of the Host 
Vims in an infected plant may be more readily available to a vector 
at one time than at another. Young plants are usually the best sources 
of vims because the concentration of many viruses decreases as the 
plants cease to grow rapidly: thus Af. persicae transmits potato leaf roll 
vims to few test plants when the source is old, glasshouse-grown infected 
plai^, but readily from very young ones (Kassanis, 1952). 

le distribution of vims within the plant can determine when insects 
a^mre yinis and on which parts of the plant they need to feed to do so. 
Many viniscs c.an be acquired by insects some days before a newly 
infected plant shows symptoms, for example, cauliHower mosaic (Severin 
and Tomplms, 1948) Kato <1957) found, however, that Y virus can be 
crarcred by aphids from potato only after symptoms show. Aphids can 
nhnts m i" from the lower leaves of full-gros™ potato 

and nZ plant (Kirhpatrick 

crcrlcst in •''■"‘t '""is concentration is not always 

U sornclim -erowing leaves. Tlrat unequal distribution 
d.rsnrlaT nr" ' ^'-owa, when 
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bago blaclc ring spot virus spreads less readily than mosaic virus, which 
occurs in high concentration in all the new leaves produced by infected 
plants, whereas ring spot virus accumulates mainly in the older, lower 
leaves, and even there is localized in the parts that show symptoms. 
Onl}' in recently infected plants does ring spot vims occur in young 
leaves in sufFicient concentration to be acquired by aphids. As most 
aphids alight on the upper parts of plants, they are more likely to acquire 
cauliflower mosaic virus than ring spot virus (Broadbent, 1954). 
Different plant species also differ in their effectiveness as sources 
of the same virus. Thus, although pepper is a better host plant than 
chard for M. pcrsicac and is more susceptible to southern cucumber 
mosaic virus, aphids acquire vims more readily from chard than from 
pepper (Simons, 1955). Not only docs the host affect insect-transmissi- 
bility, but the virulence of a vims may be changed by passage through 
different hosts; Wallace and Murphy (1938) reported that beet curly top 
vims is less vimlent in sugar beet after passage through its wild hosts. 

A host plant need not be susceptible to infestation by the vector to 
be susceptible to infection by a vims, nevertheless, colonizing insects 
are usually more prevalent in crops than transient visitors, so it is not 
unreasonable to consider the colonizers first when seeking vectors. It is 
true that insects arc often more active within a crop when they vamly 
seek a suitable host plant, but colonizers have to be active at some 
period if they are to find new hosts, and their potentiality as vectors 
often depends on the readiness with which they move again after land- 
ing on a host plant. M. persicae was identified early as the principal 
vector of potato leaf roll and Y vimses; experiments showed that M. 
solanifolii and Aphis msturtii are also efficient vectors of Y virus, and 

A, ncsfiirfu of leaf roll, but field studies show that almost all the 
spread of the persistent leaf roll vims can be attributed to M. persicae, 
perhaps because of the relative inactivity of A. nasturtii after settling 
on the plants (Bawden and Kassanis, 1947; Loughnane, 1943, Broad- 
bent, 1950, Hollings, 1955). 

These conclusions are confirmed by the distribution of the vims 
diseases in Scandinavia. M. persicae is confined to the southern coastal 
areas of Norway and Sweden and so is leaf roll. A. nasturtii and M. 
solanifolii, however, occur further north, where Y virus spreads (Lihnell, 
1948). In brassica crops, also, in Britain, the colonizing M. persicae and 

B. br 'assicae seem to be the only important vectors of cauliflower mosaic 
virus although at least 20 other noncolontzing species can transmit the 
vims (Broadbent, 1957). 

Many workers doubted if an insect species could be the important 
vector of a vims when it is rarely numerous on the crop because they 
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failed to appreciate the importance of the winged forms Some viruses, 
usually nonpersistent ones, are spread mainly by noncolonizmg insects 
which brmg virus with them from the plants they have just left, or 
acquire it from infected plants withm the crop as they move from plant 
to plant seeking suitable hosts, as M persicae spreads cantaloupe mosaic 
among melon crops in California (Dickson et al , 1949) It is often 
difficult to find whicli of the msects that infest or transiently feed on 
plants spread a virus, or, if more than one species can transmit, it is 
difficult to assess their relative importance The principal vector may be 
the least prevalent insect pest, as is the case in the citrus groves of 
California where the mam vector of tristeza virus, Aphis gossypn 
(Glover), forms only about 3% of the aphids visiting trees (Dickson 
et al , 1956) 

Even among vector species it cannot be assumed that all the insects 
that feed or breed on a diseased plant will be mfective Obviously, the 
more plants that are infected in a crop, the greater will be the proper 
tion of potential vectors that become infective although almost nothing 
is known about the proportions or numbers of infective aphids m crops 
The proportion differs with different viruses and vectors, depending on 
the time insects take to become infective and the time they remain so 
Between 10 and 24% of winged M persicac and B brassicae bred on 
cauliflowers infected with cauliflower mosaic virus are infective when 
they leave the plants, a similar proportion of M persicae, but fewer than 
5% of B brassicae, are infective when bred on plants infected with cab 
bage bhek ring spot virus 


Several factors affect the susceptibility of host plants to both insects 
and pathogens, the most important are variety, age, growth conditions, 
and population density Different varieties of crop plants differ not only 
in the ease with which they become infected, but also m the extent to 
^^hlch the Mrus multiples in them and so in the readiness with which 
insects become infective when feeding on them Varieties may react 
differently to different viruses, for example, resistance of potatoes to 
virus Y IS not correlated with resistance to leaf roll virus although trans 
mitlcd b> the same aphids (Bawden and Kassams, 1946) Apparent 
varietal differences m susceptibility may sometimes be caused by differ- 
cn n ce mg X the vectors, thus varieties of lettuce, which cxperi 
'^qu=>'ly suscepl.ble to yellows v.rus, contract the disease to 
different extents in the field (Linn, 1940) 

obnh decreases with increasing age of 
libnls and so, other things hcing equal, incidence of a disease may 

Sr’e of ' lOS'n n “*‘ve (Broad- 

<il, 19o_) Beet Is most susccptihlc and intolerant to the leaf- 
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Iiopper-transmittecl curly top virus when in the cotyledon stage (Wallace 
and Murphy, 1938); and Hansen (1950) and Steudel (1952) found that 
numbers of aphids per beet plant and the incidence of yellows increased 
with successively later sowings. Cereal yellow dwarf virus severely 
affects only plants infected young, so normally it is of economic im- 
portance in California in barley, but not in the earlier-sown oats and 
wheat (Oswald and Houston, 1953). Few plants show such extreme 
resistance as cassava, however, for although Bemisia spp. feed on mature 
leaves, they infect only the immature ones with mosaic virus (Storey and 
Nichols, 1938). 

Some fungi infect only during limited periods, for example, the 
fungus causing Dutch elm disease spreads readily only during late spring 
and early summer (Parker ct ah, 1941). Similarly, nitidulid beetles mfect 
healthy trees with the oak wilt fungus only during May and early June, 
partly because the beetles are attracted to wounds at this time to lay 
eggs and partly because trees are susceptible only in the spring (Jewell, 
1956). 

Most workers, who have studied the influence of plant nutrition on 
the incidence of virus diseases, have found that the best fed plants are the 
most likely to become infected. Dung and several inorganic fertilizers 
increase the incidence of both leaf roll and rugose mosaic in potato 
crops, and aphids also multiply faster on plants treated with dung, sul- 
fate of ammonia, and superphosphate, but less on those treated with 
muriate of potash (Broadbent et cl., 1952) Response to fertilizers varies 
with the species of aphid, A. nasturtH showing little response to the 
treatments. 

Some plants may be more acceptable to the vectors and more sus- 
ceptible to virus at one temperature than at another Narcissi ^e rare y 
colonized by aphids, and their viruses usually spread slowly, but when 
retarded bulbs are grown to flower in late summer instead of m spring 
they are colonized by Aphis fabae, and viruses spread rapidly (van 


Slogteren and Ouboter, 1941). , , . i- ♦. 

Storey (1935) was one of the first plant pathologists to realize that 
density of the plant population can affect disease incidence; close plant- 
ing of groundnuts and delayed weeding are practiced by the Peasants ™ 
East Africa, and greatly decrease the incidence of " 

Plank and Anderssen (1944) obtained some control of spotted 'jdt ^ . 

which is brought into tobacco fields soon after 

creasing the density of plants to 2 or 3 per “hill” and bP --emow^ 

surplus plants after most of the virus had been broug i ' 

that bring virus into a crop land at random, so a ^ea p 

plants is visited when they are widely spaced than when they arc 
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crowded together, consequently, beet yellows, beet mosaic, and cauli 
flower mosaic mcidences are lessened by decreasing the distance between 
rows or between plants m the row (Blencowe and Tinsley, 1951, Steudel 
and Heiling, 1954, Broadbent, 1957) 

Plant size can also affect the spread of viruses because big plants are 
more likely to be visited by vectors than are small ones, and once in- 
fected, the larger plants form bigger reservoirs of virus In cauliflower 
seedbeds 30% of the large seedlings were infected with cauliflower 
mosaic virus m contrast to 15% of medium sized seedlings, and 5% o 
small ones (Broadbent, 1957) 

Finally, some vectors multiply more rapidly on infected plants than 
on healthy ones (Carter, 1939), Hi|ner and Cordon, 1955) Several 
species of leaf hoppers that complete their nymphal stages on celery or 
aster mfected with aster yellows virus die when transferred to healthy 
plants, but live on diseased ones (Sevenn, 1946), to this extent the m 
sects ‘ use the virus to create a satisfactory source of food for themselves 

E Introductton of Pathogens into Crops 
Persistent viruses must sometimes be earned by msects over hundreds 
of miles, but it can rarely be proved that this happens and that no local 
virus sources exist Occasionally, circumstantial evidence of spread over 
moderate distances is obtained, for instance, m 1951 M persxcae were 
numerous on leaf roll infected potatoes m the southwest Netherlands, 
and following southwest winds during the summer dispersal many aphids 
were trapped about 60 miles to the northeast, where both aphids and 
virus disease had been scarce, the subsequent outbreak of leaf roll 
suggested that the aphids had taken virus with them ( Hille Bis Lumbers, 
1955) Because of the difficulty of obtaining evidence, most of the records 
refer to virus brought into crops from nearby sources Macrosteles 
fascifrons (Stal) move into lettuce crops from the borders of fields, 
taking yellows virus acquired from weeds with them, few moved more 
linn 200 ft during 4 weeks The rate of vector dispersion, as measured 
bv the incidence of yellows at different distances from the source, differs 
rom one plot to another, probably depending on plant susceptibility, 
disturbing cultuations, and the weather (Lmn, 1940) 

Nonpcrsistent Mnises will rarely bo earned far Observations on the 
spread of pepper \cinhanding mosaic virus from mfected SoJanum 
grnc«f^io\sed a steep gradient in incidence of infective peppers, falling 
rom 90% plants infected at 6 ft to 10% at 50 ft Nevertheless a few plants 
become infected at distances up to 1000 ft (Simons, 1957) In similar 
experiments Milh celery Wellman (1937) found that southern celery 
mo-nic \inis Mas c-imcd h> .aphids from weeds to over 85% of plants up 



4. DlSPLnSAL BY ANIMALS 


121 


to 30 ft. away but to only 42 at 120 ft. Distances differed from year to 
year, but no plant was infected during 3 years in plots 240 ft. away from 
the source. Storey and Godwin (1953) found that most plants infected 
with cauliflower mosaic virus occur in the first 50 rows adjacent to dis- 
eased crops. Such gradients of disease, from a high incidence in outer 
rows to a low one witliin a crop, often serve to show that a pathogen is 
spreading into a crop from a nearby source. 

Taylor and Johnson (1954) studied the deposition of winged Aphis 
fahac and their subsequent multiplication on bean crops: the sides facing 
the wind had more colonies than the center or other edges of the crop. 
TIius gradients of virus disease parallel the activity of the vectors. When 
such gradients occur with persistent vinises, the vectors must have stayed 
in the area where they first landed; with nonpersistent ones, however, 
such gradients are more to be expected because vectors would lose their 
infectivity while feeding on plants near the edges of fields and would 
not infect plants at the center even if they later moved there Trees, tall 
hedges, and buildings to the windward side shelter crops from aphids, 
but on the leeward side cause aphids to land, and lettuce mosaic is often 
more prevalent in parts upwind to such obstructions (Broadbent et al, 
1951). Van der Plank (1948) pointed out the possible significance of 
crop perimeters in affecting the incidence of virus disease in crops cover- 
ing different areas; the perimeter forms a greater proportion of a small 
than of a large field, and he reported that whereas maize streak virus 
often infects the whole crop in small fields, many plants in large fields 
escape infection. 

The danger that a vinis will be introduced into a crop is greater 
where insect host plants and virus sources are numerous than where they 
ate Jew. Perennial plants ate more dangerous than annuals, because once 
they are systemically infected, they usually remain potential sources of 
virus, but biennials can be almost as important as perennials in retaining 
virus from one year to another, Schldsser (1952) suggested that sugar 
beet viruses probably originated in the wild Beta maritima L., common 
on the coasts of Britain, and spread throughout Europe during the last 
30 years. There can be little certainty about this kind of observation, 
however because virus diseases are often overlooked until they are 
looked for critically. 

Many annual weeds are potenUal sources of virus, but they are 
usually of little significance. Thus beet yellows vims infects Chenopodium 
album L and C murale L, in beet and spinach fields, but it rarely 
spreads from them to cultivated plants (Bennett and Costa, 1954). How- 
ever, several economically important viruses in the United States are 
carried to cultivated crops by leaf hoppers from weeds, some of which 
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are anmials L\iceme dwarf virus, which also causes Pierce’s disease of 
grapevines can be transmitted from many species of naturally infected 
plants, and infective leaf hoppers are found in such different habitats as 
cultivated valleys, high mountains, deserts, and seashores (Freitag and 
Frazier, 1954) 

One of the most studied diseases is curly top of beet, transmitted to 
several crop plants in western United States by the leaf hopper Ctrculifer 
tenellus often during transient feeding when the insects move from 
overwintering hosts in the desert and foothills to cultivated valleys Virus 
persists in some overwintering hoppers, and the insects breed on the 
virus susceptible Russian thistle and wild mustard in the deserts during 
the summer and fall (Wallace and Murphy, 1938) Severin (1939) found 
75 species of plants, several perennial that become naturally infected 
with curly top virus Three perennials are food plants of the hoppers in 
uncultivated areas, and virus is carried from them to annuals which 
germinate after early rains During 5 years with such ram up to 42% of 
the subsequent hoppers were infective, whereas during 2 years without 
early ram, the proportion was less than 6% 

A few aphid transmitted viruses, too, seem to depend on weeds for 
their survival celery yellow spot virus is not transmitted by mechanical 
inoculation or by several species of aphids from celery to celery, but 
Tihopalosiplium conn (Dvd) {=Htjadaphts xyhstei Schrank) from 
symptomless infected Conitim maculatum L transmit virus to celery and 
hemlock (Freitag and Severin, 1945) Cereal yellow dwarf virus is trans 
mitted by the 5 species of aphid that infest cereals in California Ram 
delays the sowing of the cereals, but encourages the growth and subse 
quent heavy aphid infestation of grasses, many of which are susceptible 
to the virus When drought follows, infective aphids move from the 
drying grasses into young gram fields (Oswald and Houston, 1953) 
Simons cf nl (1936) described an interesting relationship between tomato 
and pepper crops and weeds infected with potato virus Y in Florida 
Different strains of the virus occur in three widely separated areas, but 
not in two others only 50 miles away where suitable weed hosts and 
\cclors are present Potatoes were, or still are, groivn in the affected 
areas, hut not m the free ones, and as the distribution of diseased tomato 
and pepper crops bears no obvious relationship to potato crops, the 
authors suggest that the vinis was introduced with potatoes and per 
sistcd m weeds 

AUhough It IS realized that wild plants are often sources of virus 
trom vliicli epidemics mav begin, very little is knoivn about the incidence 
of disease in them in most parts of the world A few workers have started 
111 siiiaes the scgotation of prescribed area for aims diseases Mac- 
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Clcmcfnt and Richards (1956) in Canada, testing with mechanical inocu- 
lation only, found about one plant in ten infected, many with viruses 
common in cultivated crops. Tliis suggests that a large proportion of 
wild plants may be infected with one virus or another. In many areas of 
Britain, however, there is no evidence that susceptible weeds play a 
significant part in the epidemiology of common virus diseases of such 
crops as potatoes, brassicas, and lettuce. Infected tubers or seedlings, or 
plants in older crops are tlie main sources, and virus is spread from one 
crop to another when vectors seek alternative hosts. As they fly or are 
blown over a distance they tend to be dispersed, and the greater the 
distance behveen crops, the greater is the dispersion; consequently, 
crops near a virus source usually become more heavily infected than 


those farther away. Virus spread is greatly retarded, also, when sus- 
ceptible crops are separated from one another by immune plants, 
especially if tlie intervening plants are suitable hosts for the vectors. 

The economic importance of spread of virus from one crop to another 
depends largely upon the age and purpose of the healthy crop. Insects 
usually fly away from maturing crops, and if other susceptible crops in 
the area are at a similar stage and are to be harvested soon, infection will 
probably cause little loss. However, if young susceptible crops, plants for 
vegetative propagation, or biennials for seed the next year are being 
Srown, infection may have serious consequences. Spread of virus from 
One crop to another is particularly important in potatoes, in many parts 
of the world aphids disperse from them in midsummer, about 2 months 
before the crop is harvested. Other crops of the same age are visited and 
infected with virus even if not colonized by the aphids. The plants are 
usually too old to show symptoms, but seed tubers are infected and give 
poor yields the next year. In some countries a high proportion of the crops 
ore infected, and so much virus is carried into new stocks that it is um 
profitable to keep them for a second year. In Britain and the United 
States, however, most commercial potato crops are now fairly heathy, 
so virus spread from one crop to another is not great. Many horticultural 
crops such as lettuce are grown in small plots in Britain, and serious 
losses occur when lettuce mosaic virus is carried by aphids from matur- 
ing to young crops and there is no break in the succession of crops 
(Broadbent et al, 1951). The susceptible crop need not be colonized by 
the vectors, for aphids can infect most bean plants to cIovct 

fields with yellow bean mosaic although they rarely breed on them 
(Crumb and McWhorter, 1948). . 

If biennials to be kept for seed become infected, “ 

important source of virus for the annual crop: a eye e o m 
*at can only be broken by growing the seed plants elsewhere. 
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done wdh cabbage seed m the Untied States and caul.flovver seed in 
England (Pound, 1946, Glasscock and Moreton, 19o5) Much work has 
been done on beet seed crops, for yellows virus not only halves the 
yield of sugar beet seed, but the plants can be a major source ot viru 
for the root crops Watson et al (1951) found that distance from a seeo 
crop within a seed area has a pronounced effect on the incidence o 
mosaic m sugar beet crops but not ot yellows mosaic is usually confined 
to fields within 100 yd of a seed crop Virus is carried to the seed plants 
from the root crops durmg the autumn, and the vectors (M persicae) 
also overwinter on them, carrying yellows to young root crops for miles 
around m the spring Healthy seed crops are now produced m Britam by 
spraying stecldmgs with appropriate insecticides or raising them in cover 
crops or away from root crops 


F Spread toUhtn Crops 

Plants become infected and act as sources of moculum within crops 
because (1) they grow from infected seed (2) they grow from infected 
tubers or some other plant part either planted or remaining from a 
previous crop, (3) they become infected in the seedbed and are later 
transplanted, or (4) they are infected by incoming vectors If virus is 
not brought mto a crop from outside, the number of plants that becomes 
infected is often directly proportional to the number of initially infected 
plants, so the health of the crop at the beginning of the season is im 
portant (Broadbent et al, 1951, Zmk et al, 1956) 

Spread of viruses by insects within crops is usually over short dis 
tanccs, often to neighboring plants, more often along rows than across 
them, and sometimes in the direction of the prevailing wind (Murphy 
and Loughnane, 1937, Doncaster and Gregory, 1948) Spread often 
results in foci of infected plants around those initially infected, whether 
the \ irus is persistent or nonpersislent, or the vectors are aphids, beetles, 
or other insects There has been much discussion about the relative 
importance of \Mngcd and \Mngless forms of aphids as vectors Many 
\\orkers ha\e assumed tint virus is spread from one crop to another by 
winged aphids, but that subsequent spread to nearby plants within the 
crop IS b> wingless ones (eg, Davies and Wlulehead, 1935, Kloster- 
mejer, 19o3, Konnchcck, 19o4) Direct observation of tlie movements of 
small insects is difficult, and Ins rarely been attempted Tliose who 
watch fl\mu aphids record tint tlie> fly laterally from plant to plant, or 
ONcr short distances, or they fly upward and are swept away by the 
wind (B)i^mstad. 1918, Dickson ct al, 1949) Others have shown that 
wingless aphids walk from plant to plant m potato crops (Danes, 1932, 
Cr^MnsVl, 19J3), particularU when ihcir lca\es arc in contact Weather 
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greatly affects the movement of wingless aphids, which move most often 
when it is hot, and especially when plants wilt (Spencer, 1926). 

Experiments on the time when viruses spread in potato crops show 
that much of the season^s spread occurs early, when the colonizing winged 
aphids are active and before a wingless population develops (Murphy 
and Louglinane, 1937; Doncaster and Gregory, 1948, Bjpmstad, 1948, 
Brondbent et at, 1950). Doncaster and Gregory thought that wingless 
aphids might be responsible for the further spread of virus within the 
crop when the plants touch each other, because winged aphids rarely col- 
onize potatoes during the summer dispersal. But it cannot be assumed 
that the winged ones do not visit potatoes because they do not colonize 
them, so they might also spread virus later in the season The very sig- 
nificant correlation between trapped Af. persicae and the spread of both 
leaf roll and Y viruses suggests that most spread is by winged forms 
(Broadbent, 1950, Hollings, 1955) The lower correlation coefficient for 
rugose mosaic (Y) agrees with the evidence from Scandinavia that 
M. persicae is not the only vector of this virus. 

Watson and Healy (1953) used statistical methods to relate trap 
catches or field counts of aphids to the spread of beet yellows and 
mosaic viruses in sugar beet crops, and concluded that winged M. 
persicae are most important in spreading beet yellows virus, despite the 
usual predominance of Aphis fabae on the plants It is probable that 
winged forms of both M. persicae and A fabae spread beet mosaic virus 
from sources outside the crop, but little within it. Winged A. fabae are 
apparently not concerned in spreading yellows virus, presumably because 
they often remain on the first plant they colonize, whereas M. persicae 
moves from one plant to another for a few days, depositing nymphs in 
small batches. 

Additional evidence that the winged forms are primarily responsible 
for spreading virus in potato crops was obtained by surrounding healthy 
plants with sticky hoards to prevent aphids from walking away from 
adjacent infected plants ( Broadbent and Tinsley, 1951 ) . But some of the 
most conclusive evidence has come from experiments with insecticides. 
Emilsson and Castberg (1952) controlled aphids with parathion, but did 
not control the spread of potato Y virus, and Schepers and associates 
(1955) sprayed potatoes frequently with nicotine, preventing the devel- 
opment of any wingless aphids, yet there was considerable spread of 
both leaf roll and Y viruses, and the distribution of infected plants in 
sprayed and unsprayed plots was similar. Later trials with demeton, 
when no wingless forms developed, had little effect on virus Y, but the 
spread of leaf roll virus was greatly decreased. It was stopped, and that 
of Y virus decreased to about half wth insecticides in Britain when virus 
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was not introduced from outside the crop. Presumably aphids visit fewer 
plants in a crop treated with insecticide, and infect fewer with Y virus 
before they are killed; they die before becoming infective with leaf roll 
vims Steudel and Heiling (1954) assumed that demeton affects the 
wingless forms only, and that much of the spread must be by wingless 
forms because spraying decreases the incidence of beet yellows. However, 
as most winged M perstcae visit several plants, spraying with a per- 
sistent insecticide will decrease the number visited and the incidence of 
yellows whether spread is by wingless or winged forms or both. 

One of the reasons why some aphid species are important vectors 
whereas others, equally efficient in laboratory tests, are not, is that some 
lose their power of flight more readily than others. Young winged forms 
of some species are much more active than older ones becausfe the wing 
muscles degenerate after the aphids find suitable hosts and start to 
reproduce (Johnson, 1953). The more suitable the host, the sooner the 
aphids settle and lose the power to fly, so aphids that are apparently 
well-adapted to their hosts, such as Aphis fahae on beet, are unlikely to 
be able to fly by the time they become infective with beet yellows 
whereas M persicae, which does not colonize so readily, will still move 
occasionally from plant to plant. When aphids are newly mature, even 
host plants are visited and abandoned several times, and so good 
colonizers can be efficient vectors of nonpersistent viruses. 

Although the evidence suggests that wingless aphids are of little 
importance as vectors, they do walk from one plant to another, and in 
hotter climates than northern Europe may move frequently and con- 
tribute largely to the spread of persistent viruses (Bald et al, 1950). 
Walking aphids might not be expected to transmit nonpersistent viruses 
readily because they are seldom infective after spending some hours 
undisturbed on an infected plant (Watson, 1938); however, many were 
infective after a short period of walking and probing on infected plants, 
and presumably those which walk off a plant have spent some time walk- 
ing on it first (Bradley, 1953). More information has been obtained on 
this by catching winged and wingless aphids soon after they voluntarily 
leave cauliflower plants infected with cabbage black ring spot virus or 
cauliflower mosaic virus and placing them singly on young seedlings. 
Similar proportions of winged and wingless aphids transmit virus. Wc 
cannot conclude, therefore, that wingless forms do not spread vims if 
they move, but only that they move infrequently in cool climates, as 
Fisken (1937) found in Scotland, and then perhaps inoculate adjacent 
plants, many of which have been infected already by winged forms. 

Bclalivoly little work has l>ccn done on the epidemiology of inscct- 
bonic fungi or bacteria. Rankin ct al (1911) surs-cyed 3000 square 
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miles of New York state for Dutcli elm disease and found at least 
100,000 dead and dying trees More than a third of Scolytus multistriatus 
beetles collected from elms earned Ccratostomella ulmt, but despite the 
prevalence of tlie pafliogen and vectors, spread was slow, suggestmg that 
the beetle is an inefficient vector or that other factors present limit 
mfection. Two such factors are that beetles readily infect trees dunng 
June and early July, but usually fail to do so later, and infection often 
fails to become systemic (Parker et al, 1941) Local spread of the 
disease from isolated infected elms was also studied by Zentmyer et al 
(1944). Three-quarters of new infections occurred within 100 ft of the 
source, and the maximum distance was presumed to be 180 ft , although 
the authors state that beetles sometimes carry fungus more than 2 miles 
Spread was much more rapid than m New York, 40^ of all trees within 
75 ft of the source becoming mfected during 2 years Statistical analysis 
showed that the probability that a tree would become infected decreased 
directly with the logarithm of the distance from the source, this result 
applies to the spread of most pathogens, whether insect- or air borne 
Zentmyer et al postulated that wmd influences local spread as well as 
long distance because more trees were mfected to leeward of the source 
of inoculum The distribution of trees makes this argument extremely 
dubious, however, because there were several trees withm 30 ft of the 
source to leeward, none to windward 

Little is known about the movements of insect vectors witlim crops, 
except what can be postulated from the distribution of diseased plants 
Direct studies of msect movement are likely now to become easier than 
they were, for we know more certainly what questions to ask, and can 
employ new techniques, such as marking msects or plants with radio- 
active isotopes, in answering them 
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I. iNTBODUenON 

The dispersal story of a fungus can usually be divided into toee 

srss'z 

■mmedmte contact with the parent tissue, secon y. 

Viable condition to a greater or 

to rest of the spores on solid Kapler fa concerned 

and successful establishment may ocot . P 

essentially with the first episode mc^d^c Y 

e ipored, because the effieiency 

elation to subsequent dispersal. spores are liber- 

the turbulence or nonturbulence of the various types of spore 

atod. Before discussing this matter, however, the various ryp 

iberation wilt be considered. ^ .^vith organisms of importance 

This account will be largely concern -fjen be made to sapro- 

to plant pathology although reference svill often 
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phytic types m which pirticular dispersal mechanisms have been more 
fully studied than m essentially similar pathogenic forms However, 
certam examples, highly interesting in the general context of dispersal 
in fungi but of no phytopathological importance, will be ignored 
Thus the beautiful discharge mechanisms of Piloholus, Ascobolus, and 
Coprinus spp will receive no mention, nor will the wide range of 
dispersal types displayed in Gasteromycetes be considered (Ingold, 
1953) 

The conspicuous part of a fungus is essentially concerned with the 
production and liberation of spores, the feeding part being usually 
hidden away as a branched mycelium in the nutritive substratum If we 
hope to understand a reproductive structure in a fungus, the question 
must be asked “How are the spores set free? ’ It is extraordinary hoiv 
often, even for the commonest fungi, no really satisfactory answer can 
be given to this question 

It IS convenient to recognize two contrasting types of spore hbera 
tion In the first, the spores are actively and violently discharged In the 
second, liberation is passive in the sense that the energy concerned 
comes from outside the fungus, the dislodgment of the spores being 
due to the kinetic energy of wmd or ram 

II Violent Spohe Discharge 

In connection with the violent discharge of projectiles the size of 
fungal spores (mostly less than 50#i m diameter) or small spore groups, 
certam basic mathematical expressions should be considered 

Accordmg to Stokes Law, the rate of fall of a minute spherical 
particle in a fluid is given by 



where V = the terminal velocity of fall m the medium 
p = the density of the falling sphere 
8 = the density of the fluid 
g = the acceleration due to gravity (9S1 cm /sec ) 

,. = the vismsity of the medium (1 8 X 10 ‘ in the case of air) 
This can be simplified to 


since for fungal spores the density is approximately 10, and since the 
density of the air can he neglected Turning to the question of the 

bXi. 10O9)‘'lto®° “ to Barlow (in 
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( 2 ) 


where H is the initial horizontal velocity of discharge and D is the 
distance of horizontal throw Combining (1) and (2), we get 


D = H 



(3) 


Thus for a given initial velocity of discharge, the distance of horizontal 
throw IS proportional to the square of the radius of the spherical 
projectile 

The path of a spore projected horizontally is 


y = (4) 

y being the vertical distance of a point on the curve below tlie level of 
the pomt of departure, and x the horizontal distance from the vertical 
axis through this point This curve (Fig 1) has been referred to by 



Buller (1909) as a “sporabola 


’ It IS of interest to compare 


distances of 


ho] 


•rizonlal discharge (D) 


and of -vertical upward discharge (U) 


U = D-i 


•(■-?) 


(fl)* 


>• being given by 9,i/2a' 

* My gratitude is expressed to Dr 
cnving ihis expression 


R Tiffen of Birkbeck College London, for 
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For particles the size of fungal spores U is almost as large ns D For 
example, in the common coprophilous pyrenomycete Sortlana fimwola, 
the spore projectiles are relatively large and an eight-spored mass may 
be shot horizontally to a distance of 10 cm This projectile consists or 
eight spores, each 22 X 13/i and surrounded by a sheath of mucilage 3/t 
wide The total mass has a radius of 21 6/i Substituting in (5) it is 
found that 17 = 9 82 cm In fact it has not been found possible ex- 
perimentally to demonstrate a consistent difference between the distance 
of horizontal (10 0 cm ) and vertical discharge ® The difference is still 
less where smaller projectiles, those normally encountered in plant 
pathology, are concerned 

Violent discharge of the characteristic or “perfect” spores is the rule 
in two great groups of fungi, Ascomyceles and Basidiomycetes, although 
there are many individual examples in both groups in which discharge 
of ascospores or basidiospores is no longer active Outside these two 
groups there are few examples of violent discharge, for in the Phyco- 
mycetes generally and m nearly all conidial fungi, including the conidial 
stages of Ascomycetes and the vast hordes of Fungi Imperfecti, libera- 
tion of spores is essentially passive In this chapter violent discharge will 
be considered first 


A Ascomtjeetes 

In the majority of Ascomyceles the ascus is explosive although in 
many genera, widely scattered m any classification, this explosive 
character has been lost during the course of evolution or, perhaps, has 
never existed Eurotium, Tuber, Chaelomium, and Ceratocrjstts {Ophto 
stoma) are familiar examples 

The typical ascus is a cylindrical, turgid, elongated cell with a thin 
cell wall (two layered m certain Ascomycetes), a thin lining layer of 
protoplasm, and a large central vacuole containing cell sap m which the 
ascospores (usually eight m number) are suspended toward the upper 
end of the ascus Tlie water relations of the ascus are presumably like 
those of most other living cells 

During the later stages of maturation the glycogen reserve (staining 
chestnut hroivn in iodine) disappears and is probably converted into 
sugar, which raises the osmotic pressure of the ascus sap Unfortunately, 
careful plasmolytic determinations of the osmotic relations of maturing 
asci have not been made, nor is there any critical information about the 
osmotic pressure in npe asci 

Tlie ascus eventually bursts in a definite manner, most frequently 
• Unpublished experiment by the author 
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either by the flinging back of a small apical lid (operculate Ascomycetes) 
or by changes at the apex, producing a minute pore (inoperculate 
Ascomycetes). Depending on the size and form of the apical opening in 
relation to the size and form of the spores, the latter are discharged 
simultaneously (or apparently so) or in obvious succession. 

Compared with the basidium, which can rarely throw a spore more 
than 0.2 mm. and never more than 1 mm., the range of the ascus is great 
• — being rarely less than 1 mm., usually of the order of 5 to 10 mm., and 
sometimes (e.g., in Ascobolus immersus and Pleurage fimiseda) as great 
as 500 mm. This very much affects Ascomycetes in relation to liberation 
of spores into turbulent air. Close to the ground or close to a host surface 
there is normally a layer of almost still, nonturbulent air commonly of 
the order of 1.0 mm. thick (Gregory, 1952). Most Ascomycetes are 
Capable of shooting their spores through this laminar layer info the 
turbulent air beyond. 

The structure of the fruit body in Ascomycetes in relation to violent 
spore discharge varies. Three major types can be recognized. (1) the 
Discomycetes type, in which the discharge occurs from extensive ex- 
posed hymenia, the Pyrenomycetes type, in which the asci are enclosed 
within a flask-shaped, true perithecium, or in a biologically similar 
pseudothecium, where the asci must elongate singly up the neck canal 
to the ostiole before discharge; and the Erysiphales type, in which the 
asci are completely enclosed within a cleistothecium, the wall of which 
must first be ruptured before an ascus can emerge to scatter its spores. 
These types will now be considered separately. 

1. Discomycetes Type 

The organization of the apotheclum in relation to spore discharge 
has been considered in some detail by Buller (1933). Although the 
examples he analyzed are not directly the concern of the plant pa- 
thologist, the principles of organization are fully applicable to genera 
of phytopathological importance such as Sclerotinia, Thxdlca, and 
Trichoscyphello. 

One example, Alettrui vesietdosa (Fig, 2), a fairly common species 
on dunged soil, will be considered, liio apothecium is cup-shaped and 
usually several centimeters in diameter, with a palisade-Iilc lining 
layer of asci at various stages of dewlopment intermixed with parapl)- 
yses. \\nien an ascus bursts, an apical lid hinges b.acl, the asais «afl 
contracts longitudinally and laterally, and the aseosporcs arc shot to a 
distance of several centimeters. If contents of tlie asci were discharged 
at right angles to the InTnenium, it is clear tliat m.iny spores uoiild 



Tic 2 Aleuria vesiculosa Above. LS of small apolhecmm a, substratum, 
h, hypothecium, c, hymenium Tl\e arniws show the direction of spore discharge 
Below, parts of the hymenium from the sides (A and B) and the bottom (C) of 
the npothecium (After Buller, 1934 ) 


are shot freely into the air above the apothecium because of the photo- 
tropism of the individual asais. 

A special feature of most apothecia is the phenomenon of puffing, 
During a period of quiescence many asci ripen, but remain in a con- 
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dition of unstable equilibrium In this state a touch or perhaps a sudden 
change in humidity, as occurs when an apothecium is breatlied upon, 
IS enough to cause all these ripe asci to discharge simultaneously, 
sendmg into the air a visible cloud of hundreds of thousands of asco 
spores which drifts away like smoke Buller has shown that this 
simultaneous bombardment sets the whole body of air just above the 
apothecium in motion, with the result that the spores are carried con 
siderably farther than the distance to which a single ascus, discharging 
alone, could shoot its spores Puffing may be of biological significance 
in the more efiScient launching of the spores Further, the cessation of 
discharge during periods of stillness tends to prevent the liberation of 
spores when the air is in a nonturbulent condition, that is at such times 
when subsequent effective dispersal is less likely to occur 

2 Pyrenomycetes Type 

Many Pyrenomycetes, especially in the genera Nectrm Epichloc, 
Rosellmia, Mycosphaerella, Ophtobolus, Ventuna Endothui, etc arc 
parasites of higher plants, but agam it is more convenient to consider 
in the first instance, spore liberation in a saprophytic type, namely 
Sordarm fimicola (Ingold and Hadland, 1958) The structure of this 
common coprophilous species is illustrated in Fig 3 The flask like 
penthecium is filled with asci at various stages of development, and 
any free space between them is occupied by mucilage In Pyrenomycetes 
generally no gas phase is present within an active penthecium ^VhlIc 
remammg attached at its base, a ripe ascus elongates up the neck ciml, 
which IS lined by downward projecting penphyses When its tip pro 
trades slightly through the ostiole, the ascus hursts, shooting its spores 
to a distance of 1 to 10 cm Another ascus then elongates, and so on llic 
discharge of asci occurring one at a time in orderly succession Tlicre is 
obviously no opportunity for "puffing” to fake place Empty ascr retract 
into the penthecium, and soon liquify and disappear In S fimtcola 
the distance of discharge is relatively great, a feature of many copro 
philous fungi mainly because of the large size of the spores and because 
of the fact that they tend to stick together Tlio whole contents of the 
ascus often forms a single projectile of eight spores It has ahead) been 
pointed out that the distance to which a minute spherical hod) is shot 
horizontally, with a gwen initial aelocity (corresponding to the muzzle 
\elocita of a gun), is directI) proportional to the square of its radius 
In most plant pathogens the spores are rchtnclv small and the distance 
of discharge rarcl) exceeds 1 cm and is more often half tins distance 
lIowcNcr, such a distance of discharge is normilh enough to launch 
(he spores into turbulent air 
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A sUght variant of the type of discharge in Sordaria is found in 
Pyrenomycetes. with long thread-like spores such as those found in 
Clavicipitales (e.g. Claviceps, Epichloe, and Cordtjceps). Here the 
spores from an ascus are shot away in succession. The process in 
Cordyceps is shown in Fig. 4. When the tip of the ascus protrudes from 



Fig. 3. Sordaria fimicola. L S. penihecium growing on nutrient agar. 


the perithecium, the ascus dehisces by a pore, but at once a thread-like 
(300^ X 2;i) ascospore is forced into the pore, stoppering the ascus 
momentarily. It is then shot away like a dart from a blowpipe, and again 
the ascus is stoppered by the next spore. This process is repeated until, 
within the space of a few seconds, all eight spores are discharged. 

Another departure from the more general Sordaria type is to be found 
in Endothia parasilica, Gnomonia rubi and probably in many other 
species with long-necked perithecia. In these species the asci are small 
and arc produced in great numbers within the perithecium. At ma- 
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tunty they become detached and are squeezed in single file up the rather 
long neck canal When the tip of an ascus emerges through the ostiole 
It bursts discharging its spores mto the air, and the next ascus below 
pushes out the empty envelope of the first one This process cm be seen 
in operation in Gnomoma rubi (Fig 5) where the neck of the peri 



Fic 4 Cordijceps mihtaris Profile of two projecting peritliccia as seen when 
a stroma is laid on its side and viewed under low pow er of microscope At 0 0 sec 
the tip of an ascus is begmnmg to project from its ostiofe At 2 0 sec it has 
reached its maximum extension At 2 1 sec the first spore flashes into view then 
rapidly falls out of sight At 8 0 sec the last spore las been discharged At 10 0 see 
the empty ascus has rctrnctetl info ll e perith£«ii m 

theemm is sufficiently tr'insp'ircnl for microscopic observation of tlie 
column of ascending asci (Dovvson 1925) Tins t>po of pentliccnl 
behavior clcirlj allows very rapid spore liberation under suitable con 
ditions and less than a second may elapse between the discharge of 
successive asci Such a speed of action would I>e impossible in Sordarvi 
where the interval between the bursting of successive nsci is usinll> to 
be reckoned m minutes 

Trom this of spore Iilicration it is but a short step to llie con 
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a distance of 0.1 to 0 2 inm., carrying tlic drop witli it (Fig. 7). Im- 
mediately after the discharge of the four spores the basidiiim is ap- 
parently still turgid. Thereafter it slowly shrinks and finally seems to 
undergo autolysis. 

Although studied fairly extensively, the mechanism of basidiospore 
discharge remains a mystery. It has been suggested (and for tliis there 
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in water at once breaks the connection) it is impossible to be sure 
whether a cross-wall exists at the moment of discharge. Again, if the 
discharge is due to rounding-off at tlie interface between spore and 
sterigma, the beautiful asymmetry of its position on the sterigma would 
seem to have no significance, nor would the process of drop secretion 
at the hilum, which so regularly heralds discharge. 

Another theory is that the basidiospore is discharged from its sterigma 
by a water-squirting mechanism. According to this view, the turgid 
basidium bursts at the end of the sterigma, discharging a liquid jet 
which carries the spore with it. Against this view is the fact that im- 
mediately after a spore has disappeared, the vacant sterigma appears 
to be closed at its apex, and no exudation of fluid normally takes place 
from it. Indeed if this type of discharge is to occur, the sterigma must 
become sealed immediately so that the turgidity of the basidium may 
be maintained for the discharge of the remaining spores. As a slight 
modification of this view, it has been suggested that the drop is exuded 
not from the spore itself but at the junction of the spore and the 
sterigma. It is supposed that, having grown to a certain size, the drop is 
shot away, carrying the spore with it. This view is supported to some 
extent by Muller’s study of spore discharge in the mirror yeast Sporo- 
holomyces, in which the aerial oonidium is discharged in a manner that 
appears to be identical with basidiospore discharge in Hymenomycetes 
Muller (1954) in a cinematographic study showed that, although nor- 
mally the spore and its exuded drop disappear simultaneously from the 
end of the sterigma, occasionally the drop suddenly disappears (pre- 
sumably having been discharged) leaving the spore behind on the 
sterigma. However, in this connection it must be remembered that the 
careful observations of Buller (1922, 1924, 1931, 1933) all go to show 
that the drop exudes from the spore itself and not from the j’unction of 
spore and sterigma. 

It has also been suggested that the surface energy of the exuded 
drop might be mobilized in some way to effect spore discharge (Ingold, 
1939). This view has the merit of bringing the exuded drop and the 
asymmetrical poising of the spore into the picture, but unfortunately 
there is no real evidence to support it, nor is it at all clear how this 
energy could be mobilized. It has been calculated, however, that there 
is enough surface energy available, if it could he utilized, to discharge 
the spore to the observed distance. 

The essential features governing fruit-body construction in Hymeno- 
mycetes are the very short distance of basidiospore discharge and the 
fact that, since basidiospores are slidcy, they cannot normally be dis- 
lodged by wind once they have selll^ on a surface. Upward-facing 
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hymenial surfaces are very rarely encountered in Ilyincnomycctes. Spores 
shot vertically to a distance of only 0,1 to 0.2 mm. would not usually 
reach the turbulent air above the laminar layer in contact with the 
hymenium, and would fall almost at once on the hymenial surface and 
become permanently stuck. In fact the hymenium in the sporophorcs 
of Hymenomycetes is mostly vertical, although it is sometimes horizontal 
and do\vnward-facing, or it may occupy an intermediate, but still down- 
ward-facing, position. It should, perhaps, be remarked here that the 
position assumed by the hymenium in most toadstools and bracket 



Fig 8 Ganoderma applanatum. Verlical section of a small sporophore in its 
second year growing on ash. a, wood, b, bark, c, upper “crust” of fungus; d, zoned 
fibrous cap tissue farmed in first year, e, additional cap tissue produced in second 
year; f, hymenial tubes (the dotted line indicates the boundary between the tubes 
formed in the first year (above) and in the second (below). 

fungi also tends to protect them from rain. This is of importance, since 
water on the surface disorganizes the hymenium, at least temporarily, 
in striking contrast to that of Discomycetes, which are not injured by 
the temporary presence of free water. 

Since, for the plant pathologist (especially if he is a forester) the 
bracket polypores are probably of more significance than agarics, spore 
liberation in the larger Basidiomycetes will be considered in some detail 
in a polypore and more briefly in agarics, although the general principles 
in both are essentially similar. 

As a first example, Ganoderma applanatum will be taken. This fungus, 
with an almost world-wide distribution, is a wound pathogen of mature 
broad-leaved trees causing a heart rot. The mycelium occurs in the wood 
and the rigid sporophore forms a bracket or shelf broadly and firmly 
attached to the tree trunk. This woody fruit body is a perennial struc- 



Fic 9 Ganoderma appUjnatum A Dngram of longitudinal section of hymenfal 
lubes a cap tissue b, Jiymenial tube, c, active hymcnium sbovvn by tlwc^ blacl. 
line, d, tanjeclory of discharged spore e, gap in the diagram corresponding to about 
20 mm in the actual specimen or S74 mm at the scale of this figure B Transserse 
section in region of hymeniil tubes The tliicb black line iround each pore is the 
hymenlum C Drawing of a single bymcnlal lube seen in tnnsNcrsc section 


tlie sterile cap tissue, and these are long (up to 3 cm in the specimen 
figured) and extremely narrow (01 to 0 2 mm diameter) (Fig 9) 
During the growing season (Rfaj to Scptcmlicr) tlicj elongilc, the 
menstemalic growing region licing at the orifice of each tul>c Crowth 
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ceases m autumn and winter, and is resumed in late spring Tlic arrest 
of growth has structural implications, and the result is that if a sporo 
phore is broken vertically, successive annual layers of growth arc clearly 
visible Growth of the tubes is controlled by gravity so that each m- 
dividual tube develops in a perfectly vertical manner Tins, combined 
with the rigidity of the fruit body and its firm attachment to a stout 
trunk, ensures that the tubes maintain their perfect vcrticality This 
seems to be essential for effective spore liberation Active hymenium 
lines each tube throughout most of its length, so far at least as the last 
two or three annual layers are concerned In still older parts of the 
tubes the liymemum ceases to be functional, and the pores may become 
blocked with sterile byphae 

The spores in this species are discliarged liorizontally to a distance 
of approximately 0 05 mm (Ingold, 1957) They then fall under the 
influence of gravity down the narrow lube If the tube were the merest 
fraction of a degree out of the vertical, clear fall would seem to be 
impossible and the spores would presumably become stranded on the 
hymenial surfaces lower down the lube Tliere is, however, just the 
possibility that the spores which have been shown usually to carry a 
positive static electric charge (Gregory, 1957), are mamtained in mid- 
stream during their fall down the hymenial tube by static electric forces 
On emerging into the free air below the tubes, the spores are earned 
away by the wmd It is to be noted diat by their very situation on the 
tree trunk, the sporophores are m a position to drop their spores directly 
mto the turbulent air As if to achieve this end, ground mhabiting 
species Such as bolets and most agarics are forced to raise their spore 
producing surfaces above the substratum on stipes As Gregory (1952) 
has pointed out the Ascomycetes can shoot their spores through the 
surface laminar layer of air into the turbulent layer above, but tlie 
basidium is not a sufficiently powerful spore gun to achieve this, so 
that in Basidiomyceles the hymenial surfaces tend to be so placed that 
the discharged spores drop into turbulent air This concept is illustrated 
diagrammatically in Fig 10 

In Ganoderma apphnatum spore liberation is on a gigantic scale, and 
Buller has estimated that a large sporophore may liberate millions of 
spores a minute, mamtaining this rate more or less for the whole 6 
months of its annual spore fall jieriod 

Ganoderma apphnatum is an extreme example which serves to 
emphasize the principles of basidiospore escape from a sporophore 
Apart from species of Ganoderma and Fames, bracket polypores have 
annual sporophores. and usually the pores are wider and shorter than 
those of Ganoderma Thus in Pohjporus squamosus, a common species 
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causing a heart rot of broad-leaved trees (especially elm), tlie pores are 
1 to 2 mm wide and only about 1 cm long These features may be 
correlated with the comparative lack of ngidity in the fruit bodv 
(Buller, 1909) 

In the agaric, although the prmciples involved in spore liberation 
are essentially the same as m a polypore, there are certain special 



Fig 10 A cup fungus (Feztza sp ) and an agaric (CoUybUt radtcato) The 
ground is shown black Above this js a ihin layer of laminar air (L) and on top 
of this turbulent air (T) The Feztza has just discharged a puff of spores through 
the laminar air into the turbulent region From the pileus of the CoUtjhut spores 
are dropping into the turbulent air 

features In the ordinary fleshy toadstool or mushroom, Jj)7nennjm covers 
the gills (or lamellae), which hang down from the under surface of the 
cap (pileus), which is itself raised above tlie ground on a stipe In tlic 
early stages the stipe may (eg, in FboUota spp ) or ma> not (eg, m 
PsaJhofa spp ) be positively phototropic, but if this tropism docs oper- 
ate m the voting sporophore, it is finalb lost and the stipe becomes 
negativclv geotropio This gives an approximate vertical orientation to 
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the gills depending from the cap But there is also a fine adjustment 
The individual gill is itself positively geotropic If there is slight dis- 
placement from the vertical, each gill (near its insertion on the cap) 
undergoes growth movements which bring it again into the vertical 
plane This is a special feature of agarics, but absent in polypores, in 
which readjustment of existing hymcmal surfaces does not seem to be 
possible 

The type of spore, poised asymmetrically on a slcrigma, which is 
violently discharged following drop sccrcbon from a hilum has been 
termed a ‘ballistospore* (Derx, 1948) The basidiospores of Hymeno- 
mycetes are ballistospores, those of Gasteromycetes and of Usttlago are 
not Further, certain ballistospores, especially those of the shadow yeasts 



Fig 11 Puccmio malvacearum A sorus of germinating teliosporcs on the 
under side of a leaf of hollyhock (Althaea rosea) (After BuUer, 1924 ) 

(Sporobolomycetaceae) cannot easily be regarded as basidiospores We 
must now give some consideration to the ballistospores of rusts (Uredin 
ales), which are clearly basidiospores, and to those of Tilletia cartes, 
which can bo classified as such only by a rather tortuous argument 
In rusts, the tehospore, usually after a winter’s rest, germmates to 
produce a curved transversely septate basidium (promycelium) bearing 
four basidiospores (spondn) on its convex side The organization of 
the tehum m relation to the discharge of basidiospores in rusts has been 
illustrated by Bullet (1931) m Puccmui malvacearum (Fig 11) It is 
clear that tlie curvature of the basidium and the position in which 
basidiospores arise is of importance m relation to the free escape of the 
discharged spores 

In smuts the occurrence of ballistospores has been demonstrated, 
particularly m Tillctia cartes, but xt is clear that in Usttlago spp violent 


5. DISPERSAL BY AIR AND WATER — THE TAKE-OFF 155 

discharge does not take place. BuIIer (1933) has shown that when the 
brand spore of T. caries germinates on a moist surface a short pro- 
mycelium is formed. This becomes septate and soon grows away from 
the surface, probably because of negative hydrotropism. From the end 
cell a tuft of six to twelve needle-shaped spores (primary conidia) is 
formed. These have been regarded by most mycologists as the basidio- 
spores. While still attached, or after passive liberation, they conjugate, 
forming H-shaped pairs. From one member of each pair a short sterigma 
is produced bearing an asymmetrically poised, sickle-shaped spore 
(secondary conidium) which is a typical ballistospore being violently 
discharged following drop excretion at the hilum (Fig. 12). If an 



Fig 12. Tflletia canes Cerminatmff chlamydospore producing a promycehum 
bearing a crown of six filamentous prunary conidia which, following pairwise con- 
jugation, are producing secondary conidia which are ballistospores. (After Biillcr, 
1933.) 

ff-shaped pair of conjugated primary conidia is planted on a nutrient 
medium, such as malt agar, a fine, branched mycelium may be formed 
from which, in due course, a number of sickle-shaped ballistospores may 
arise on aerial sterigmata. In the field the balhstosporc may germinate 
in contact with a host plant and cause infection, but on nutrient agar, 
and possibly under certain conditions in nature, a sapropli>1ic myccUum 
is formed from which furtlier ballistospores arc produced. It is of inter- 
est to note that in Tilletia caries the record discharge dislancc for a 
ballistospore has been observed, namely, 1.0 mm. 

C. Other Types of Discharge 

We must now consider a number of examples in xvliich tlie essential 
meclianism of discharge involves the sudden rounding-off of turgid 
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Spores Probably the most important evample from the point of view 
of plant pathology is the aecium of rusts (Uredinales) from winch the 
aeciospores are commonly shot to a distance of 5 to 15 mm Nevertlie- 
less in some species no violent liberation occurs Although the force 
of propulsion is clearly provided by the sudden change in form of 
turgid spores, the details of the process are not absolutely clear The 
mature aecium is usually a cup like structure with a firm ivall (pseudo- 
peridium) of thickened cells At the base of the cup is a close set pali- 
sade of basal cells, each producing an ever-growing file in which aecio 
spores and intercalary cells alternate Actually the basal cell cuts off a 
single termmal cell at a time, this divides to form a larger cell above, 
which becomes the spore, and a smaller below, which is the intercalary 
cell Often this cell is delimited not by a wall parallel with the flat top 
of the basal cell, but by a curved wall at an angle to this plane The 
result IS that the intercalary cell anscs m a comer-wise position — rather 
as a companion cell is carved off from a sieve tube Tlie intercalary cell 
remains thm walled, while the wall of the associated aeciospore thickens 
Most workers have regarded this cell as an ephemeral structure, winch 
soon breaks down, but it has been suggested (Savile, 1954) that it 
remains turgid until the maturation of its companion spore 

As the aeciospore develops, its wall differentiates into three layers, 
and at the same time the future germ pores are organized In some rusts 
where a pore is to be formed the wall is much thicker locally and prob 
ably different chemically, producing a minute spherical plug, which 
becomes more or less free from the rest of the wall In the spore deposit 
from a discharging aecium these plugs can be seen either still adhering 
to the spores or lying free (Fig 13) When the plug is eventually dis 
placed, it leaves a very thin region in the spore membrane through 
which a germ tube may emerge if the spore eventually germinates 
It has been suggested that these spore plugs may play an essential 
part in aeciospore discharge — a part which can be illustrated by a simple 
model ‘A tennis ball compressed over a marble on a table will be 
thrown farther upward when the confining pressure is suddenly removed 
than It will be if compressed agamst the table alone with the same 
force, and then released (Dodge, 1924) The suggestion is that m the 
closely packed aecium the spore is indented by the pore plugs but m 
the end the spore suddenly rounds off and is discharged The pore plug 
acts as the marble in the model The major difficulty of this theory is that 
in some rusts the aeciospores are achvely discharged in spite of the 
absence of pore plugs It may be, however, that the turgid, intercalary 
cells persisting among the mature spores act m the same way 

If the spore deposit from a discharging aecium is observed, it will 
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be seen to consist not only of single spores but also of groups of two, 
three, or more. Occasionally a clump of up to one hundred spores may 
be shot away as a single projectile. 

It is perfectly clear that the mechanism of violent discharge in the 
rust cluster-cup can operate only under conditions of complete turgidity. 
Even a slight reduction in turgof leads to a cessation of discharge. No 



Fig 13 Gymnosporangliim myncatum A and B Spore prints formed after 
dissecting an aecium and laying it down on a glass slide m a damp chamber Propired 
from a photograph C Outline of spore5 showing plugs thit still remained attached 
to spores after their flight and also free plugs (After Dodge. 1924 ) 

spores are shot from aecia on wilting leaves. However, under damp 
conditions spores from the outermost layer of tlie aeciosporcs in the 
cluster-cup are violently discharged. These spores arc followed hy more, 
and so the cup tends to empty, but Uic siiorc supply is renewed from 
the base. 

One of the best-knowm examples of spore discharge as a result of 
rounding-off of turgid structures is to ho seen in Entomophthora coro- 
nnto ( = Conidiohohis cillosus), xxluch sometimes parasitizes aphids 
(Martin, 1925). Tlie single conidiiim is borne on an erect conidiophore, 
the tip of ^\hicll bulges into the spore as a dome-shaped columella. At 
tlie interface between the two turgid structures, stresses arc set up which 
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are relieved by the sudden eversion of Uie re-entrant part of the coni- 
dium. As a result, the spore springs into the air to a distance of a tew 

centimeters. , . „ t i 

The same type of discharge has been reported in Sclcro^ora plitltp- 
pinensis, causing downy mildew of maize (Weston, 1923). In tiis 
fungus, however, the tip of the conidiophore branch does not project 
into the conidium, but there is a flat surface of contact between the 
two. It seems that it is by rounding-off in this region that spore dis- 
charge occurs (Fig. 14). In S. philippinensis the spore is shot to only 
a very short distance — about 1 mm. This is probably due to the rela- 
tively small area of contact between the reacting structures. 



Fig 14 Sclerospora phxhpptnensis. A. Conidiophore beating eleven conidia 
B Part of conidiophore more highly magniBed. from the tip on the left the comdmm 
has been discharged, that on the right being stiU attached (Weston, 1923 ) 

It has been reported that the rounding-off mechanism of violent 
discharge operates in some powdery mildews (Erysiphales). Hammar- 
lund (1925) fitted capillary tubes over single conidiopbores and watched 
spore liberation microscopically. He maintained that the mature conid- 
ium is shot to a distance of several spore lengths due to sudden 
rounding-off at the junction with the next spore in the chain. This 
observation, however, lacks confirmation, possibly because no later 
worker has used such an elegant technique as that employed by 
Hammatlund. 

Although in Sclerospora, as we have seen, spores are discharged by 
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a rounding-off mechanism, generally in downy mildews (Peronospor- 
aceae) violent discharge is not very common. However, in a few other 
species it does occur, but by a mechanism quite unlike that found in 
maize mildew. Pinckard (1942) has described a case of this kind. In 
Peronospora tahacina (blue mold of tobacco) as the branched conidio- 
phore dries, violent twisting movements occur which may flick the 
finely attached spores into the air (Fig. 15). It might be supposed that 



F^c. 15. Peronospora iabactna. A. Conidiophore m damp air with attached 
conidia. B and C. Changes on exposure to dry air D Recovery on return to damp 
conditions, (After Fuichaid, 1942 } 

even without these movements, the ripe spores would readily be de- 
tached by wind, and thus the biological significance of this h>’poscopic 
discharge would be in doubt. However, Waggoner and Taylor (195S), 
as a result of spore-trapping carried out over tobacco seed-beds heavily 
infected with blue mold, found tliat spores were trapped mainly in tlie 
morning, when hyoscopic twirling of the drying conidiophorcs would 
be expected to occur. Tlie absence of spores in the air during midday 
hours, when strong hyposcopic movements would be at a minimum, was 
taken to imply that forcible discharge is a necessity for spore liberation. 

III. Passive Spore Lideratioi^ 

In a large number of the fungi palliogcnic to higher plants, the spores 
are not violently discharged, and spore liberation appears to depend 
on wind, rain splash, or tlic aclivil)' of insects. 

In considering the classification of conidial fungi (II>7ihomycctes or 
Moniliales) Mason (1937) laid emphasis on the biological importance 
of the difference between dr>'-sporc tjTJcs (Xcrospomc) and slimc-spore 
forms (Gloiosporac). In the former the conidia could l>c Hl>craled by 
wind, but in the latter wind could not bring alxnit lilieration, and ^^afcr 
or insects would seem to be indicated as agents in dispersal. Howesrr, 
from the point of view of dispersal the difference In'l^een M.a$on*s t«o 
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types is not always clear-cut. Thus in some dry-spore fungi even the 
strongest winds fail to dislodge spores from their conidiophores, while 
some slime-spore species form their eonidia in spore drops which eventu- 
ally evaporate, leaving dry spores which can be blown off the conidio- 
phore either singly or in groups. A common example is Trichoderma 
viride, a saprophyte in soil or on wood. 

In a number of dry-spore species which rely on wind for spore 
liberation, the ripe dispersive units (propagules) are borne some dis- 
tance above the surface of the host on erect structures. This is so in 
such diverse fungi as downy mildews (Peronsporaceae), gray mold 
{Botryti^ cinerea), powdery mildews (Erysiphales), Omphalki •flavkla 
(gemmifers with gemmae), Cladosporium fulvum, and many others. 
The advantage seems to be that the propagules are exposed directly in 
turbulent air above the nonturbulent layer, perhaps 50 to lOO/i thick, 
and which so often exists as a skin over the host surface. However, there 
are many dry-spore pathogenic fungi in which the spores are not raised 
to an appreciable extent above the surface of the diseased tissue. In 
this connection special mention must be made of most uredospores of 
rusts and brand spores of smuts. In these fungi the spores are, without 
doubt, freely liberated into the air in spite of the absence of violent 
discharge or of conidiophores raising the spores into a favorable posi- 
tion for liberation. It seems that the spores of such fungi, provided that 
they are sufficiently loose and powdery when mature, can be liberated 
freely when the diseased leaf, stem, or inflorescence on which they occur 
vibrates in the wind. This is the ancient principle of the sling shot. 
Indeed, it would seem quite likely tiiat long conidiophores only acquire 
an importance when fungi are very close to ground level or when the 
part of the host attacked is rigid. These remarks only serve to under- 
line our basic ignorance of this question. Further, we do not know in 
many cases whether spores become detached more readily under dry 
or under damp conditions. 

In slime-spore fungi there is often doubt about the manner of their 
dispersal, although the agents concerned are likely to be insects, or 
water, or both. Among slime-spore fungi well-known to the phytopathol- 
ogist arc Fusarlum spp., CoUetotrichum spp., the conidial stage of Nec- 
tria spp., most members of Sphaeropsidales, the pycnial stage of rusts, 
the Splwcelia stage of ergot, and Graphium spp. In the last three exam- 
ples insect dispersal of the minute sticky spores has been established, 
but in the others rain splash is probably the main factor involved in the 
take-off of the spores from the parent tissue. A well-known example of 
dispersal of rain splash is CoUetotrichum Undemuthianum, the cause of 
anlhracnosc of FhaseoJus spp. (dwarf and nmner beans). Tire fungus 
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attacks tlie aerial parts of the host, producing dark, sunken lesions bear 
ing pink acerviili The slime spores from these are scattered by splash 
ing ram onto healthy foliage and pods 

At this point brief mention should be made of the take off from the 
host of bacteria pathogenic to higher plants In bacteria, apart from 
certain Actinomycetes there is no parallel with dry spore conidial fungi 
However, in their dispersal there is a close parallel with slime spore 
fungi In a number of bacterial plant diseases, at some stage slimy masses 
of bacterial cells occur on the affected host, and the dispersal of these 
IS due either to insects (as m Bacterium amijlovanim causing firebhght 
of pear and apple) or to ram splash An example of the latter is 
Xanthomonas cUn, the cause of citrus canker The bacteria exude from 
scabby spots on leaves, young twigs and fruits and ram splash carries 
infection from diseased to healthy tissue 

The problem of the basic mechanics of splash dispersal has recently 
been investigated by Gregory and his co workers (1959) The technique 
used was to allow water drops of definite size to fall onto a watery spore 
suspension exposed as a film of known thickness on a glass slide The 
size and scatter of the reflected droplets was studied and they were 
exammed to determine whether they carried spores As a test organism 
Fusariitm solani, a slime spore species, was generally used It was 
found that a drop 5 mm in diameter falling from a height of 7 4 m 
onto a spore containing film 0 1 mm thick produced over 5000 reflected 
droplets of which more than 2000 carried spores The droplets ranged 
m size from 5/i to 2400^ On the average the distance which they were 
scattered horizontally was 10-20 cm 

It IS to be noted that the larger reflected droplets fall back within a 
small fraction of a second onto the substratum The smaller ones how 
ever, may remam longer in the air and be rapidly reduced further in 
size by evaporation Thus as a result of ram splash slime spores may 
become suspended in turbulent air and be dispersed in the same manner 
as dry spores Although the lists of species recorded by aerobiologists 
mvariably show a great preponderance of dry spore fungi, there is 
always a slime spore element and ram splash may be the principal factor 
involved in the contribution of this to the air spora 

A study involving high speed photography was also made of splash 
liberation of conidia from a twig bearing abundant conidial stromata of 
Nectria cxnnaharxna Large drops (50 mm diameter) falling from a 
height mto the twig each broke into thousands of droplets all of vhich 
carried spores 

Much further quantitative study, particularly in the field is needed 
in connection with the problem of splash dispersal, but the uork of 
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Gregory and his colleagues provides an inspiring model for future 
research. 

IV. MEOTonoLOGicAL Conditions in Relation to Spore Liberation 
Liberation o£ fungal spores may be conditioned by external factors 
especially humidity, ram, temperature, wind, and light. 

A. Humidity and Rain 

These two factors, although usually correlated, are sometimes separ- 
able m their effects As we have seen, rain may have a special effect 
m splash liberation of certain spores, but, further, some fungi require 
actual wettmg if spore discharge is to take place. Tliis is particularly 
true in Pyrenomycetes Thus, for example, in NectrUi galligcna (Munson, 
1939, Bulit, 1957), in Venturia inaeqttalis (Keitt and Jones, 1926, Hirst 
et al, 1955) and in Endothia parasitica (Henld and Studhalter, 1915) 
the discharge of ascospores is closely correlated with rainfall (Fig. 16). 



Oafe May 12 3 4 


Fig 16 Relation of rainfall and concentration of Ventuna tnacqualis ascospores 
per cubic meter of air every 2 hours during May, 1954. (After Hirst et al , 1955 ) 

In some species (e g , Htjpoxtjlon pruninatum, Gruenhagen, 1945) it has 
been shown that a saturated atmosphere is not sufficient in itself to 
initiate spore discharge but that the perithecial stroma must first be 
wetted before discharge will begin. Although this relationship in 
Pyrenomycetes behveen spore discharge and rainfall is the normal one, 
there are exceptions Thus Daldinia conccntrica (Ingold, 1948) can 
discharge its spores under the driest of conditions, obtaining the water 
nccessar)' for continued discharge from a water reserve in the stromatal 
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tissue, 'ind Epichhe itjphim (Ingold, 1948) can also discharge its spores 
even when the stroma is unwetted and the surrounding air is dry, relymg 
on tlie water brought to it in the transpiration stream of the host 

High atmospheric humidity and rain are important for continued 
spore discharge not only m Ascomycetes but also for liberation of 
basidiospores and for the escape of aeciospores in rust However, m a 
number of dry spore fungi low humidity may be important for the 
take off In unpublished work in my own department it has recently 
been established that the sporangioles of the mold Thammdium elegans 
and the comdia of Trichothecmm roseum become detached by wind 
much more readily if it is dry than if it is damp and the same may 
be true of other dry spore fungi 

B Temperature 

The effect of temperature on spore liberation is probably largely 
associated with its influence on spore maturation Thus in Ascomycetes 
in the range normally encountered an increase m temperature results 
in an increase in the rate of spore discharge (Ingold 1939) The same 
IS true of Basidiomyceles In Lenzttes betulim Buller (1909) has demon 
strated that, although spore discharge can occur over the range 0° to 
29® C the rate of liberation is much lower at the extremes than in the 
middle region 

It has recently been shown (Ingold and Hadland 1958) that tempera 
ture also may affect the distance of spore discharge Thus in Sordaria 
fimtcoJa the average distance of disdiarge of eight spored projectiles is 
6 30 cm at 21 to 24° C but only 5 23 cm at a temperature of 7 to 10° C 

C Wmd 

Wind IS probably a major factor in connection with the take off of 
many parasitic fungi although quantitative information is sadly lacking 
Mean wind speed increases in a regular manner with height and this 
may be expressed by the formula (Geiger, 1950) 

V = OiZ* 

where 

= wind velocity at unit (1 meter) distance above the ground 

u = wind velocity z units above the ground 

and 

a = an exponent \vhich varies to some extent but near the ground 
IS usuall} m the range of 0 2 to 0 3 
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This IS, of course, a statistical Maw,” true on the average, but not neces- 
sarily giving a correct picture at any given moment Theoretically at 
ground level the wind velocity is zero Even under gale conditions a 
layer, perhaps only a few molecules thick, is still, or, if it is in motion, 
is nonturbulent This ‘ laminar layer” during the day is often a millimeter 
or less in thickness but during the night with the disappearance of 
thermal turbulence, it may be reckoned in meters However, although 
this laminar layer is normally present, it may locally and temporarily 
be mvaded by violent eddies which may pick up dry spores and whirl 
them upward 

In connection with wind as a sporc-hbcratmg agent, the position 
of the spore producing surfaces on diseased plants and the disposal of 
the spores on the conidiophores may be of great importance It is to be 
hoped that wind tunnel experiments will m the future add much to 
knowledge of the influence of wind on the escape of spores 

D Light 

Light IS a minor factor m connection with the take off of the spores 
of pathogens Like temperature, it probably exerts its influence, if any, 
m conditioning spore maturation It will be discussed later m connection 
with periodicity of discharge 

V Periodicttv or Spore Liberation 
From the point of view of the spread of plant diseases, the time of 
day when the spores of a pathogen are set free may be of importance 
If the spores are liberated when atmospheric turbulence is high, their 
wide dispersal is favored, but this is likely to be an advantage only if 
they are of the type that can survive the relatively dry conditions often 
associated with turbulence For delicate, short-lived spores it may be 
vital to the spread of the pathogen that liberation occur at a time of 
day when the air is damp and when potential infection drops, as the 
result of dew or rain are likely to persist on the host leaves Thus any 
daily cycle of spore liberation must be carefully studied by the plant 
pathologist 

Broadly speaking this question of periodicity has been investigated 
m two different ways First, the actual liberation of spores has been 
studied, often m the laboratory, and second, the daily cycle of spore 
content in the air in the neighborhood of infected plants has been 
followed 

In considering any daily cycle of spore liberation m a particular 
case it must be borne m mmd that each of the four major factors influ 
cnemg the take off of spores, namely, temperature, humidity, light, and 
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Wind, tends to exhibit a daily cycle of behavior Light, temperature, and 
wind velocity tend to be maximal in daytime, while humidity tends to 
be high at night associated witli lower temperature and decreased atmos 
phene turbulence Again, it is, perhaps, important to realize that periodic 
appearance of spores in a spore trap does not necessarily mean that they 
have been set free m a periodic manner Let us consider, say, the apothe 
cium of a Discomycete on the ground discharging spores at a uniform 
rate During the night in fair weather there may be a thickish layer of 
still or laminar air close to the ground, and spores discharged into this 
would soon fall to the ground and would not be caught in a spore trap 
operatmg at the standard height of 1 m During the day, with the onset 
of turbulent conditions and the reduction of the laminar layer to a bare 
millimeter or so, spores would be brought into the region sampled by 
the trap Thus a periodicity might be recorded quite unconnected with 
spore liberation Probably, however, there is normally a close correla 
tion between liberation and trapping, provided the distance between 
the source and the trap is not loo great 

Another general pomt which should be made is that periodic rhythm 
m spore liberation may be conditioned by periodic spore production or 
by the periodic operation of conditions which favor the escape of spores 
from a reservoir m the parent tissue 

In the powdery mildew of clover, caused by Erystphe polygom, it has 
been shown (YarNvood, 1936) that each conidiophore normally produces 
and abstricts one conidium each day and that this rhythm depends on 
the natural alternation of light and darkness Spore liberation tends to 
occur during the daytime and m greatest abundance about noon Childs 
(1940) has also reported a dtumal cycle of spore maturation in a num- 
ber of other powdery mildews including species of Sphaerotheca and 
Podosphaera, and Yarwood (1957) has found a similar state of affairs 
m species of Mtcosphaera and UncmuUi However, in Erysiphe gramtnts 
on barley (Yarwood, 1936) no diurnal cycle ^vas observable 

In Taphrtna deformans a periodicity has been found (Yarwood, 1941 ) 
with spores discharged m greatest numbers in the evening For the 
basidiomycete Cortictttm fUamentosa which forms its basidia on leaves 
of Hevea, nocturnal spore discharge has been demonstrated (Carpenter, 
1949) Nocturnal discharge of ascospores occurs m Daldinia concenfnea 
(Ingold 1946, Ingold and Cox, 1955) This is an endogenous rhythm 
which continues for a number of days m continuous darkness at constant 
temperature Under these conditions, howe\er, the rhythm is ffnalJ> lost, 
but is immediately restored on return to the normal periodic alternation 
of light and darkness 

In the saprophytic pyrei)om>cete, Sordana fimicola. tlie penodicit) of 
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Spore discharge has also been ratlier fully studied, and it may be that the 
picture obtained will prove to be generally applicable to nonstromatal 
species (Ingold and Dring, 1957). In Sordarta there is no sign of an 
endogenous rhythm, the cycle is entirely dependent on the cycle of light 
changes m the day Under conditions of illumination of 12 hours light 
(100 f c ) and 12 hours dark in each day, spore discharge is at a low level 
during the period of darkness With the onset of light, discharge rate 
rises to a maximum and thereafter falls, but not to the level of discharge 
in darkness The change from light to dark always involves a rapid 
decline in rate It has been shown (Ingold, 1958) that it is the short rays 
of light (400 to 500 m/i) which are effective in stimulating discharge 
It should be remarked, however, that in the investigations using 
Daldmui and Sordarta, temperature has been kept constant and the 
water supply has been in no way hmiting 

Mention has already been made of the periodicity m trapping of the 
spores of Feronospora tahactna Waggoner and Taylor observed a 
maximum of spores m the morning, and associated this with the daily 
decrease of humidity in the early hours operating the hyposcopic 
mechanism of dispersal 

Work in Britain (Hirst, 1953) and m Nigeria (Cammack, 1955) 
shows that diurnal periodicity of spores m the air is the rule with such 
diverse types as the brand spores of Ustilago, the conidia of powdery 
and downy mildews, and the uredospores of rusts, although it remains 
to be seen if this is due to periodicity of spore liberation, to rhythm in 
the turbulent conditions of the air bringing spores to the spore trap 
orifice, or to a combination of both 

Much remains to be determined about the daily cycle of spore 
liberation, but from what is known the periodicities observed do not 
appear to have much selective value for the pathogen in the sense that 
the fungus achieves a greater infection as a result of restricting its spore 
output to certain times a day 

We are left with a general picture of spore liberation m which one 
of the principal features is the lack of exact knowledge However, plant 
pathologists generally are hecommg increasingly interested m the 
quantative aspect of dispersal, mcludmg the take off, in the pathogens 
they study, and in the next decade we may hope to see the development 
of a much more detailed picture 
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The problem of dissemination of plant diseases ivhose propagules 
(such as fungal spores) cannot move by themselves is more amenable 
to theoretical treatment than any other problem m pliytopathology This 
IS especially true for air borne pathogens Once in the air the way these 
propagules travel the horizontal and vertical distance covered and the 
time in transit all depend exclusively on external forces of a phjsical 
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nature. Thus, the problem assumes a physical rather than a biological 
character. 

A knowledge of these forces is a pr^equisite for theoretical treatment 
of the agent's flight. Some concepts in this area of phytopathology are 
unclear. Often, only two forces or effects of forces are considered, 
i.e., velocity of wind (horizontal aerial movement) and velocity of fall 
that the agent would have in calm air. Thus, for instance, Christensen 
(1942) calculated that a spore of UstUago zeae, when brought 1 mile 
upward at a wind velocity of 20 m.p.h., can travel a distance of 2500 
miles in about 9 days. Such calculations, however, have little practical 
and no theoretical value. Such an observation cannot explain how the 
spore got so high up. Since the wind acts horizontally and the velocity 
of fall vertically, no possibility of upward movement is considered; yet 
spores and pollen are found even in the highest atmospheric strata. First, 
one has to find out which external forces are responsible for transporta- 
tion of the causative agents and how the individual force components 
affect the agent. Then a theory of agent flight can be established. 

I. Transportation Forces 

In discussing the determining factors for transportation of the agents 
through air, one need not consider molecular forces and electrostatic 
effects. Although they could exert an effect on the movement of the 
causative agents, they are so much overshadowed by other influences as 
to be negligible. 

Gravitation affects each small particle in the air; together with 
buoyancy and internal friction of the air it acts constantly to give each 
particle its own falling velocity (in calm air). The horizontal movement 
of the air, called wind, is superimposed over this direction of movement. 
Finally, turbulence results in the vertical movement of air and contained 
particles. The resultant of all ffiese forces then determines what path- 
way the particles follow from take-off to landing. These forces and their 
effects will be examined individually and briefly. 

A. Gravitation 

According to Newtons law of gravitation, an attracting force k acts 
between two bodies with masses m, and m, that are at a distance r from 
one another: 


*.“e^[dynl (1) 

whereby G is the universal gravitation constant, which is independent 
of the state of both bodies. The terrestrial force of gravity is the resulting 
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attraction between the mass of the earth and bodies found on or near it. 
This gravitation imparts to each body a downward accelerated move- 
ment during free fall. In the atmosphere the effect of gravitation is partly 
compensated by buoyancy and by the opposing force of internal friction 
of the air. The net effect of these forces, as mentioned, is the velocity of 
fall inherent in each particle. 

B. Velocity of Fall 

A sphere-shaped particle with radius r that moves in the (calm) air 
with velocity o experiences, according to Stokes’ law, a resistance of 
the size 

k ~ (hnjvr [dynj (2) 

The reference is valid in this form only under the condition that the 
radius of the particle is larger than the free path of the corresponding 
gas with viscosity ij. Since the average free path in the air only measures 
O.lfi and the diameter of spores generally is about IO^a, this condition 
can be considered as adequately fulfilled. Thus, as the particle is accel- 
erated by gravitation (diminished by the insignificant amount of air 
buoyancy), there is an increase in frictional resistance. Thus, an equi- 
librium is established between the weight k' of the particle and the 
frictional resistance k so that the particle falls with constant velocity. 
Since the weight of the sphere-shaped particle is given by 

/.' = gTr’?!? (3) 

where s represents the density of the particle and g terrestrial accelera- 
tion, fall velocity of sphere-shaped particles can be calculated from the 
equilibrium condition (buoyancy neglected) 

^irr^sg = Gmjvr. (4) 

It is 



In phytopathology we are mostly concerned with agents that arc not 
spherical, but ellipsoid, as is the case (at least approximately) in fungal 
spores. Falck (1927), who concerned himself very thoroughly with 
velocity of falling fungal spores in calm air, attempted to correlate 
experimentally the velocity of falling ellipsoid particles with the velocity 
of spherical particles of the same volume and found the relation 

_ 


(G) 
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whereby v, represents velocity of falling ellipsoid particles, o, velocity 
of falling spherical particles of equal volume, and a and b the axes ot 
the ellipsis From equation (5) 


IS derived 
are equal. 


„ = ( 7 ) 

Bij a/b 

When the volume of the spherical and ellipsoid particles 


4 4 

rjb = = i*. 


( 8 ) 


Radius r can be written as 

r = ^ (9) 

Inserted into equation (7), the equation for velocity of falling ellipsoid 
particles is 

t. = ^ ^ X 6 lyp CIO) 

O’? 

Thus, the velocity of falling ellipsoid fungal spores m calm air depends 
essentially only on the size relationship of axes a and b of the ellipsoid 
(sg, and Tj can be considered constant in this observation) and estab- 
lishes a physiological value determined by form 

The velocities of fall determined according to equation (10) by 
Schrodter (1954) for various groups of spores he between less than 
1 mm /sec and a few cm /sec This is in accord with reports by Ingold 
(1953), according to whom the very small spores of Lycoperdon pyri- 
forme have the small fall velocity of 005 cm /sec, whereas the large 
conidia of Helmtnthosponum sotmum fall 2 8 cm /sec 

The falling velocity (in calm air) of different propagules is an im- 
portant characteristic in their dispersal This fact is not always properly 
recognized Although Gregory (1952) admits that the velocity of fall of 
spores has some influence on the total distance of dissemination, he 
neglects this influence as long as the spores can be found in the turbulent 
air movement He thus overlooks the fact that the gravitational fall is 
always going on Even in turbulent air when the net movement of the 
particle is upward, gravitational fall continues Among other things, 
Fortak (1957b) while discussing the problem of the extraterritorial 
sphere of influence of dust transportation from land to open sea, shows 
how greatly the fall velocity of die air-home particle affects its dispersal 
His results show a numerically strong dependence on the sedimentation 
parameter Our discussion of the flight of the propagule will clarify even 
more the great significance of fall velocity in dissemination 
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C Horizontal Atr Movement 

Horizontal air movement is one of the most important factors in the 
dispersal of plant pathogens and of plants and seeds as well (Wddeman 
1947) The wind, a term mostly used for horizontal air movement, is 
considered most important in epidemiology 

Wind is moving air The cause of this movement lies ultimately in 
temperature contrasts as they occur everywhere on the globe of the 
earth Aside from gravitational fall, spores and other suspended particles 
move with the air There is not just a horizontal air movement in the 
atmosphere The paths of individual air particles as well as of the sus 
pended matter are actually extremely entangled and disorganized ’ The 
horizontal component of the air movement determines the direction and 
the velocity of movement of spores in air The direction of spore dis 
semmation and the velocity, which in turn affects the distance that the 
propagules travel, give the pathologist information as to where new 
disease outbreaks are likely to occur This is why horizontal air move 
ment assumes importance in general epidemiologic observations and 
examinations From numerous works that have been concerned with this 
part of the problem only those by Newhal! (1938) Oort (1940) Bonde 
and Schultz (1943), and Waggoner (1952) are mentioned as examples 
The direction of the horizontal spread of agents is not only dependent on 
the general i e average or moderately large wind direction but also in 
great measure on the local regional relationships tint affect the air cur 
rent (Bochow 1955) A convincing example for this is given by studies 
of Zogg (1949) about epidemiology of Piiccima sorghi conducted on the 
occasion of a maize rust epidemic in a river \ alley 100 km long 

Under the influence of gravitation and wind alone (as horizontal air 
movement) a spore can never fly higher than its point of departure hes 
(with the exception of a forced upward movement of air while running 
over an obstacle) Within this framework very narrow limits are put on 
the dispersal of propagules Observations prove, however that spores 
rise high m the atmosphere and that dissemination over great distances 
IS possible Considerable height differences can be overcome by spores 
and a decisively significant vertical force seems to be present Tins force 
lies m a property that characterizes all movements in the atmosphere, 
namely, m atmospheric turbulence 

D Atmospheric Turbulence 

If we study the flowing fluids with different density 5 and dwerse 
viscosity v in tubes of \arious diameters d, it can be seen tint the stream 
is ‘laminar” m small \elocitics and “turbnlenr in high ones It can l>c 
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further seen tliat the transition from laminar to turbulent state does not 
occur in a gradual increase of velocity, but suddenly, i.e., in transgress- 
ing a limiting value of velocity. This limiting velocity o is not constant, 
however. Rather, the transition from laminar to turbulent flow occurs 
when a critical value of the so-callcd “Reynolds number is exceeded. 
The Reynolds number H is given in 

It = ~Xvil ( 11 ) 

V 

In atmospheric currents the value of the length cl is always so large 
that even when velocity o is low, the value of the Reynolds number is 
high. Thus, the laminar type of current practically does not occur in the 
atmosphere, certainly not in tlie layers that are significant for the dis- 
seminations of propagules. This fact is very important for all epidemio- 
logic observations, since it dooms to failure every attempt to connect 
dissemination of pathogens with wind unless turbulence is considered. 

The “dynamic turbulence” is closely connected with the so-called 
“shearing” between air strata of various horizontal velocities. These are 
always present in the atmosphere. We have only to imagine that the 
wind velocity near the earth’s surface is smaller than at a higher altitude. 
Because of turbulence in air, air particles and suspended matter travel 
from one stratum into the other and an exchange taJces place in a vertical 
direction (the horizontal turbulence exchange should not be considered 
here). This vertical transportation of air quanta as a result of dynamic 
turbulence disappears when the wind does not change with altitude 
because the above mentioned shearing then also disappears However, 
this does not mean that the exchange in a vertical direction then dis- 
appears altogether. Only such turbulence is equal to zero as derives its 
wergy from the current. 

Another very important vertical change occurs, namely, the one that 
is correlated with the thermic increase of the atmosphere as well as with 
its thermic stratification and the heat supply of the earth It is a known 
fact that warm air is lighter than cold air. An air quantum that is warmer 
than its surroundings has buoyancy (according to the principle of 
Archimedes) and moves vertically upward while another comparatively 
colder air quantum takes its place. Above all, the thermic differences 
of the ground are very significant for “thermic turbulence.” Individual 
occurrences of a vertical exchange of greater or smaller turbulence 
bodies can barely be observed through dynamic turbulence. Only its 
total effect becomes visibly manifest and the occurrences of a thermic 
turbulence exchange can be observed in numerous individual manifesta- 
tions. In addition to vibration of the air over an overheated surface the 
most marked manifestation is the appearance of large swelling clouds 
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that can be especially seen during llie height of summer, and into which 
great quantities of air ascend from the overheated earth surface. Natu- 
rally, tile same amount of air descends again between tlie clouds. 
Significantly, the thermically caused upward movement of spore-laden 
air occurs quickly and over a relatively small land surface, while it 
subsides slowly and over great areas. Thus, Firbas and Rempe (1936) 
did not find the expected distribution according to size and fall velocity 
in pollens caught at a height of 2000 meters during an airplane flight. 
Tlie strong and rapid anabatic wind stream seems to carry along the 
total mass of pollen bodies; there is no possibility that the differential 
size and fall velocity can have any effect on distribution. Night flights 
thus brought forth the originally expected results. 

As far as epidemiology is concerned it is unimportant whether these 
occurrences in the atmosphere are “thermic” or “dynamic” turbulence. 
Their effect is the same, i.e., there is a possibility of a vertical agent 
transfer through vertical exchange of air quanta Through the exchange 
calculations of Schmidt (1925) all these turbulence reactions were 
organized into one uniform scheme. The surpassing significance of the 
vertical mass exchange for epidemiology of plant diseases, shown by 
Schrodter (1954), requires that a short abstract of the theory of vertical 
mass exchange be given before the theory of the flight of the pathogen. 
In this way the problem of agent dispersal can be fully understood. 

During the exchange process all those properties of air masses are 
exchanged that had remained preserved during vertical movement, i e., 
the ascending or descending air quanta retain their respective property 
until they are mixed with the surrounding air — and in this mixture they 
give up their respective surplus property to the surrounding air or they 
cover the deficit with the surplus from the surrounding air Thus, the 
organic or inorganic particle content of the air belongs to the mter- 
changeable properties. Tlie number of particles of an air quantum 
remains practically unchanged during sufficiently rapid vertical move- 
ment as long as there occurs no mixture with other air masses. 

Imagine a horizontal surface at some place in the atmosphere that, 
because of turbulence, is constantly carried upward or downward by ah 
quanta. Thus it is unimportant whether the surface is quiet or whclhci 
it moves with the average current of the atmosphere. After a sufficiVnlb 
long period of time, beeause of the continuity condition, the sum of t'N' 
air quanta ascending through a given area per unit time should 
the sum of the air quanta descending through this area per mdl 
The total “mass flow” M of the exchange is thus given by 




( 12 ) 
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when we designate the quanta ascending through the imaginary plane 
surface with the subscript u and the descending quanta with the sub- 
script 0 . If we then consider the number of spores contained in an air 
quantum as an interchangeable property, each ascending quantum ttiu 
contains the spore quantity niuSu and each descending quantum nio the 
quantity tUoSo. The total transfer that occurs through the surface unit in 
the time unit is thus given by 

iS = ^ (S I«bSu — Z MoSfl) (13) 

whereby f represents the plane surface and t the time. 

It seems at first glance that S = 0 because of equation (12). This, 
however, is not so. According to equation (12) M only represents the 
flow of mass, and nothing is said about the property that is transferred 
with the mass. As we know, the spore content of air depends on height. 
Near the surface, where spores develop and are ejected, the number is 
naturally larger than in the higher strata of the atmosphere. This fact 
is expressed in a certain vertical distribution of the spore content of air. 
If we imagine that the spore content contains s-1 units above the surface 
and s -1- 1 units below the surface (in other words it changes by 2 units 
with height) and if we shift one quantum from below to above and as a 
replacement one quantum from above to below, we gain above (s -)- 1) 
“(s — 1) = + 2 units and lose below (s — l)-(s -f 1) =: —2 units. Al- 
though the condition of equation (12) is fulfilled, actually a flow of 
property s took place, i e , s is not equal to zero. S equals zero only when 
it does not depend on altitude. The change of property s with altitude, 
i.e., its vertical distribution, is the decisive factor. 

If we count altitude z, within which no mixture occurs, from the 
imaginary surface f on, whereby above /, z > 0, we can describe the 
distribution of s near the surface f through development in a series. Using 
only the first member of this series, we have 


s 


,ds^ , 3*5 z* 


(14) 


wherety s is the sum of s,, the value of s in the surface f plus the first 
and second derivatives of s with respect to z taken in surface f. For a 
first approximation we may ignore the second derivative and we may 
write for values s, and s. in equation (13) 


*. = s, + |xr. 

s. = Sr + 1? X z. 


( 15 ) 
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If, With equation (12) m view, we substitute the values of equation (15) 
into equation (13) we have 

^ (2 - X m^«) 1^ (16) 

for the spore flow through the imaginary surface The parenthetic ex- 
pression IS always negative since we consider Zu as negative and Zo as 
positive According to calculation, however, this parenthetic expression 
represents the sum of all air quanta m that pass through the imaginary 
surface, either upward or downward, each multiplied by the distance 
z traveled without the mixture (“mixing length’ m the sense of Prandtl) 
at which it was from the surface It is thus 


„ ^mz as 

ft ^az 

(17) 

or 



(IS) 

whereby we obtain A, the exchange coefficient 


, Snizf gm 1 
ft Lem sec J 

(19) 


With equation (18) the flow of the interchangeable material, in this 
instance the spore content of air, is represented as the product of two 
factors, of which one (ds/dz) depends only on the vertical distribution 
of the interchangeable property, the other (A) only on the movement 
processes, i e , on the mass exchange Hence the designation "exchange 
coefficient,” which measures the turbulent movement processes in the 
atmosphere Its special value for our observations lies primarily in tlie 
fact that according to equation (19) the exchange coefficient A is in- 
dependent of the exchanged property Numerically, the exchange co- 
efficient in the atmosphere is subject to considerable changes Its smallest 
value IS near the soil, because naturally the soil, as a firm boundarj’ 
surface, impedes any vertical movement The exchange coefficient thus 
depends on altitude In orders of magnitude A Ins the value of 1 gni 
cm ^ scc"^ from 1 to 10 meters altitude, the value of 10 at 10 to 100 
meters altitude, and of 50 at 100 to 500 meters nltitucle In single in- 
stances A can take on values of 200 or more 

In cpidemiologv the exchange coefficient characteri/cs the total 
turbulent processes in the atmosphere which arc responsible for the 
transfer and dispersal of propigulcs To determine whether an effect of 
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dynamic or thermic turbulence is involved in vertical transfer is no 
longer necessary. What deciding role turbulent mass exchange plays m 
the spread of the pathogen must yet be demonstrated. 

11. Tun Flight 

The forces having an effect on the particles in the air have been 
discussed. The theory of agent flight should show liow the transfer in 
the air as well as the dispersal of propagules occurs. The term “dispersal 
is defined here to mean the overcoming of distance in space from the 
time of the last departure to the first landing. The problem is considered 
only at the x-z plane of a rectangular coordinate system, in which the 
z-axis lies in the average wind direction and the s-axis vertically, i.e., 
only two-dimensionally. Such a precise definition of the term “dispersal 
is to be understood geometrically and not biologically. The concept of 
dispersal as used elsewhere in the literature has several meanings, 
depending on whether the flight plane, the spore concentration in a 
unit volume of air, or the infection possibility is considered. This am- 
biguity not only leads to lack of clarity, but can also result in false 
notions and conclusions. Thus, in his observations, Gregory (1952) 
follows not the path of the spore cloud, but the changes of concentration 
per air volume along this path as a consequence of turbulence. These, 
however, are two completely different problems. Contrary to all expec- 
tations he concludes that the spores cannot be carried far from the source 
of infection but that under normal turbulent conditions 99.9% of the 
spores are deposited within the first 100 meters from the source. He 
concludes this from theoretical assumptions based on the equation by 
Sutton (1947) about turbulent diffusion and on experimental observa- 
tions, from the viewpoint of the change in concentration of spores 
and its effect on the possibility of inieclion. This has nothing to do with 
the distance that the mass of spores can travel. 

Epidemiologically, both problems are equally important: the absolute 
distance as well as the maximum distance in which a significant con- 
centration of spores is still present. The concept “dispersal,” however, is 
used in this part of the study exclusively for the first of both these 
questions and is thus completely unequivocal. 

Schmidt (1925) was already concerned with the theoretical aspect of 
the spread of plant seeds through turbulent air currents. More recently 
Rombakis (1947) tackled this problem again and proved that the results 
obtained by Schmidt (1925) could be improved in various ways. The 
elegant solution of the problem developed by Rombakis (1947) was used 
by Schr^ler (1954) for the problem of spread of disease-producing 
agents. The theory of spore flight, described below, is based on the 
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studies of Rombakis (1947) Hie somewhat extensive derivation of the 
formulas leads to an understanding of the problems of line of flight, 
range of flight, and duration of flight, which can then be applied to 
problems of epidemiology. 


A Lme of Fhglit 

The studies by Schmidt (1925) define as ‘average dispersal” of 
particles that limit in which 995? of all disseminated seeds have again 
reached the earth surface Had the percentage been set at S0%, based on 
purely biological considerations, the dispersal would be but 13% of the 
values calculated by Schmidt (1925) Although he did not consider the 
effect of gravitation m the basic differential equation, he added it later 
to the solution The theory given by Rombakis (1947), on the other hand, 
IS based on considerations to be applied here to fungal spores 

The local change of spore thickness s with the time t has to be equal 
to the convergence of spore flow i e , it has to be 


ds _ dw 
Tl~'^ 

The spore flow w is made up of the current 



(20) 


(21) 


that is caused by exchange, corresponding to equation (18) in which S 
is air density, and of the current 

V = —cs (22) 

caused by fall movement under the influence of gravitation whereby c 
means the fall velocity of spores m calm air The total spore current is 
thus given by 

w = III -h ^ ~ 


Subsbtutmg this expression into equation (20) gives the complete dif 
ferential equation for dispersal of spores 


ds 

dt 


4 V— 4-c — 
a ^ dz 


( 21 ) 


which contrary to Schmidt (1925), includes the fall effect due to gra\ Ra- 
tion On condition tint at time f = 0 and at place x = 0. = 0 a number 
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N of spores is dispersed in the open space z > 0, the number n' of 
spores, found above z at time is given by 


» 2N ^ 

n clz = — T-= X exp 
V‘^at 


'p(-S) 


where a = A/S. 

The following definition of “probable flight line” leads to an un- 
equivocal solution that is independent of any arbitrary limitation: A 
point P at the altitude z at time t should be considered a point of prob- 
able flight line when it is also probable that a spore is found above as 
well as below this point. This means that the line is determined, above 
as well as below which 50% of all spores are found and dispersed. This 
percentage, contrary to that chosen by Schmidt, is not an arbitrary 
number but the condition for the equation of two probabilities. The 
probable line of flight is thus defined by 


and from equation (25) it follows that 

Tile value of an integral corresponding to that in equation (27) can be 
written in general form as 

^ exp(-?’ - 2/3f)df = 1 v^(exp3S)[l - 4.(a + /3)]. (28) 

In equation (28) the expressions a and JB coirespond to 
a = 


P = a/ c^t/4a 

in equation (27). Thus equation (27) can be rewritten to give 
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This transcendental equation has the root 


= 0.4769 

Viaf V4a 


from which it follows that 


(31) 


2 = 0.4769 -\/to — ct (32) 

In a coordinate system, a wind of average velocity U travels the distance 
X in time t, or 

x= Ut (33) 

and we can write equation (32) as 

z = 0 4769 ^ X * (34) 

This is the equation of the probable flight line. 

The question about the shape of the flight line of spores can be 
answered when equation (34) is squared and transposed to the form 


~ Xx' + 2-^x1 + z’-(0 47Wrx^x = 0 (35) 

An equation of the second degree of general form 

~h 4* ^dysxz -h 2(ZuZ 4* 2az3Z 4“ <133 — 0 (36) 

describes a parabola of which the determinant is 


I flljOzS 

Since, m the case of equations (35) and (36), ~ (c/U)^, tiis ~ c/U 

and 022 == 1, we may ^vrile the determinant 



D = 



= 0 


(38) 


which fulfills Hie condition given in equation (37). TIio lino of flight is 
thus a parabola Since the inclination of tho axis of a parabola is given by 


tan (2a) = 


2 tang 
1 — tan- a 


2flis 

n„ — 


(30) 


the inclination of axis for the line of flight parabola is 


c 



tan a 


( 10 ) 
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The line of flight of spores is a parabola. The inclination of its axis is 
the vector determined by the velocity of fall of spores in quiet air and 
the average wind velocity (compare with Fig. 1). 

As mentioned previously, the course of a single particle is unusually 
complicated and practically not reproducible because of tlie "disorgan- 
ized” movement due to turbulence. Tlie probable flight line does not 
describe the course of an individual particle, which is per se epidemio- 
logically uninteresting. Bather, the probable flight line is a curve repre- 



Fio 1 Form of flight luie with varying velocity of fall (c), equal mass exchange 
and equal wind velocity (z-axis Increased 1000 tunes), 

senting the average path of ejected spores, 50% of which occur below and 
50% above this line as the mass of spores expands under the influence 
of wind, turbulent mass exchange, and fall caused by gravitation. We 
can best characterize this probable flight line by describing it as the 
course of the center of gravity of the transferred spore cloud Figure 1 
shows how great the significance of fall velocity is in this problem. Lines 
of flight are compared, using varying values of c with corresponding 
values of A and U. Velocity of fall must be considered in relation to the 
turbulent mass exchange when discussing the problem of dispersal. 
Thus, if fall is neglected, no solution of the problem can be reached. 

B. Range of Flight 

Especially interesting from an epidemiological point of view is the 
question of how far the spores of pathogens can fly. This can be an- 
swered from theory when an unequivocal definition is also given for the 
range of flight while developing the theory given above. Rombakis 
(1947) deduces this definition from the one of probable flight line. The 
“probable flight range X” is, accordingly, from the distance of the source 
of spores to where the probable line of flight again cuts the earth surface. 
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Between the spore source (x = 0,;:~0) and this cutting point (x — X, 
s = 0) only 50% and not 99% of the spores (as per Schmidts definition) 
get to the ground. According to the definition of flight line it is also 
probable that a spore flies to the point x = X or travels an even greater 
distance. If, however, we consider a point x = X + m, we know that 
more than half of the spores are disseminated up to this point. When we 
consider a point x = X — m, we know that more than half of the spores 
disperse above this point. 


Wlien, according to this definition in equation (34), we say z — 0 
and X = X, the determining equation for the probable range of flight is 

0» 0.4769,^ 

(il) 

or, in terms of X, 


X = (0.4709)“ 

(42) 

which simplifies to the equation of probable range of flight 


X = 0.9i^^. 

(43) 


The probable range of flight is, therefore, directly proportional to the 
vertical mass exchange caused by turbulence and to horizontal wind 
velocity, and inversely proportional to the square of velocity of fall in 
calm air. 

The significance Ckf this formula, especially the deciding role that fall 
velocity plays is clearest in some examples given m Table I, when the 
ranges of flight are compared one with another m these four examples. 


Table 1 

Flight Range (X), with Different Values of Mass Exchange (A), 
Wjwp VELOciry IV ), AND VELOcrry or Fall (c) 



A 

gm /cm sec. 

U 

m /sec. 

c 

cm /sec. 

X 

km 

1. 

10 

4 

2 

76 

2 

20 

4 

2 

15 2 

3 

20 

8 

2 

SOS 

4 

20 

8 

1 

121 a 


As seen in examples 1 and 2 of that table, tbe range of flight is 
doubled when the mass exchange is doubled. The same holds true for 
doubling the horizontal wind velocity (examples 2 and 3 of the table). 
If. on the other hand, the velocity of fall is cut in half (examples 3 and 
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4), the range of flight becomes fourfold, since the fall velocity is squared 
m’the formula Thus, contrary to Gregory (1952) and Ingold (1953) the 
velocity of fall is an extremely important factor in determining the 
of flight and cannot be neglected m the problem of dissemination Tins 
can be also seen clearly in Fig 1 If die curve given in Fig 1 is plotte 
on coordinates where the ratio of the scales of ordinate abscissa ratio is 
1 1 (rather than 1 1000), we obtain a flat, slowly ascending curve that 



Fiq 2 Form of Right line m a mass exchange of 10 gm /cm sec , a horizontal 
wind Velocity of I m /sec and a fall velocity of 1 cm /sec (with an equalized stand 
ard distribution of co ordinate axes) 

appears almost straight even at a small distance from the origin (Fig 2) 
Even m small turbulence the effect of fall is almost imperceptible This 
may be the reason for underestimating its significance However, Rempe 
(1937) showed the eSect of gravitation on the distribution of pollen 
sizes at various altitudes 

The range of flight can be great even under normal wind and turbu- 
lence, as is shown in Table I How great these can be was calculated by 
Schrodter (1954) for various spore sizes (Table II) Although large 
spores can fly as far as a few kilometers, they still fall on the ground 
within visible distances The very small spores, on the other hand, should 
be described as “suspension particles within the air plankton 

TadL£ 11 

PnoBABi,E Flickt Kangb of Spores op Difperent Sizes wmi a Wine. 

VEi-ocmr OF 2 m /sec and a Mass Exchange of 10 gm /cm sec 

Spore size Velocity of fall Flight range 

(lenglh/width) n (cm /sec ) (km ) 


Small spores (5 3) 
Medium spores (14 0) 
Large spores (20 10) 


0 035 
0138 
0 975 


12 400 
800 
10 
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In numerous epidemiological studies attempts have been made 
repeatedly to solve the problem of how far spores of pathogens can fly. 
The question often assumes great importance, especially in studies on 
the epidemiology of Phytophihora infestans. Without question, spore 
flight has an important significance in the difiicult problem of forecasting 
epidemics (Raeuber, 1957). Schrodter (1954) has applied the theory on 
the dissemination of Phytophihora infestans to the epidemiology of 
potato blight and has compared predictions based on the previously 
given theory with practical observations. 

According to Schrodters (1954) calculations, Phytophihora spores 
have a falling velocity of 1.3 cm./sec. Thus the flight range given in 
Table III for various wind and turbuience conditions is given on the 
basis of equation (43), 


Table III 

Probable Flight Range (X) of Spores of Phytophihora infestans under 
Various Wind and Turbulence Conditions 


A 

U 

X 

gm./cm. sec. 

m./sec. 

km, 

0.1 

2 

0.09 

1 

4 

1.8 

10 

6 

27 

20 

8 

72 

50 

10 

225 


It is difficult to cany out direct observations on how far spores of 
Phytophihora infestans fly. Generally, therefore, the distance was fudged 
from observed infections in the respective studies. Such data should be 
considered as underestimates of the distance spores can fly, because such 
observations tell only how far they can fly in concentrations sufficient to 
produce an infection while retaining their germinative capacity. Such 
observations also assume that environmental conditions favor the devel- 
opment of the organism at the spot where the spores reach the ground. 
While these matters are of epidemiological interest, they have notliing 
to do with the actual flight range. But comparison of the observations 
with theory is possible only under these conditions. 

That spores of Phytophihora infestans can be carried very far by the 
wind because of their light weight \vas stressed by Fischer and Gatimann 
(1929). Hanni (1949) also concludes that they can be carried over vast 
distances, but assumes this to occur only after the passage of consider- 
able time, and direct dissemination by the wind to occur only over 
relatively short distances. While Bondc and Schultz (1943) established 
flights of 200 meters, Hiinni (1949) obsen*ed fliglits of 1 km. In spores 
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caught at various points over a large area Raciibcr ( 1957) could establish 
that the rhythm of the daily number caught remains the same over 
several kilometers, from which fact a slight mobility and a corresponding 
broad dispersal can be concluded. Tliomas (according to van der Zaag, 
1956) could catch spores at 4.8 km., while Hyre (cited by van der Zaag, 
1956) caught them even at a 14 km. distance from the spore source. 
Van der Zaag (1956) concludes from observations on an island several 
kilometers from land that spores can fly at least as far as 11 km. without 
losing their capacity to germinate. From his observations Godfrey (cited 
by van der Zaag, 1956) reports distances of 24 km., while Harrison (cited 
by van der Zaag, 1956) suggests even those of 48 to 64 km. (Table IV). 


Tamj: IV 

Obsetwed Flight Ranges fbom tiii. Liteoatuuc of Sroncs or 
P/ii/fo;)7it/iora infestam 


Observations of 
author (Reference) 

Flight range 
(km ) 

Bonde and Schullz 

02 

Haimi 

1 

Raeuber 

>2 

Thomas 

48 

van der Zaag 

>11 

Hyre 

14 

Godfrey 

24 

Harnson 

48-64 

Fischer and Gaumann 

very far 


If values given in Table IV are compared with data in Table III, we 
note, notwithstanding the restriction mentioned above, that the observed 
Sight ranges are consistent with those ealcolated on the basis of theory. 
Although data in Table IV vary from 200 meters to more than 60 km , it 
would be useless to dispute over what is the true flight range. Such 
differences can be caused by differences in the degree of turbulence of 
the atmosphere and by differences in horizontal wind velocity. At any 
rate, comparison of Tables III and IV shows that theory and observation 
agree. 


C. Hciglif of Flight 

During their flight through the air, propagules have frequently been 
found at high altitudes, even in the highest strata of the atmosphere. 
Thus we may ask what is the ceiling of the flight line parabola. The 
maximum probable flight altitude” can be derived from the data given 
so far: by analogy with the previous deEnitions it is the maximum height 
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that the center of gravity of the spore cloud can achieve. Thus, although 
one spore can fly above this altitude, less than 50% of spores are dispersed 
above this point of the maximum probable flight line. 

According to this definition (Rombakis, 1947) the condition dz/dt = 0 
is valid for the highest point of probable flight line. If we use this con- 
dition in equation (32), we get 


^ = 0.4769 Via X - c = 0. 

<tl 2 Vi 

Solving this equation for we get 

, (0.4769)2 , , 4a 
^ 4 ^ c*" 


(44) 

(45) 


If we now substitute the value of t, [equation (45)] in equation (32) 
under the condition dz/dt — 0, we obtain the highest point of the flight 
line: 


= 0.47G9 X 4a X X y - c X X ^ = (0.4769)= X ^ 

(46) 

and with it, because a = A/S, the equation of maximum probable flight 
altitude 


. 0 2274 X 4- 

Sc 


(47) 


The maximum probable flight altitude is accordingly directly proportional 
to tlie size of turbulent mass exchange and inversely proportional to 
velocity of fall. It is independent of horizontal wmd velocity. 

Here for the first time is a definition of the size of dispersal, com- 
pletely independent of wind as a horizontal air movement. Naturally, 
the independence is not so remarkable per se because the horizontal 
Wind velocity, as we have seen ^vith analysis of the effective transporta- 
tion forces, contributes no component to a vertical movement. Thus we 
derive from the equation tliat there is an epidemioIogicalJy spedalJy 
significant dimension in the question of wind dispersal which is in- 
dependent of the wind as such but entirely dependent on turbulence. 

Since the velocity of fall is not squared in equation (47) as it is in 
equation (43), its effect on the altitude of flight, considered numerically, 
is smaller than on the range of flight. However, considering as a ratio 
the extent of the atmosphere horizontally in relation to its vertical 
thickness we can visualize the atmosphere. From this point of view, tlie 
effect of velocity of fall must be at least as great on flight altitude as on 
flight range. 
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The flight altitudes that can be attained by spores m various mass 
exchanges and at diflcrent velociUes of fall are given in Table V, and 
likewise, the maximum probable flight altitude for spores of Phutophtbora 
tnfeslam calculated from equation (47) Apparently spores, especially 
small ones, can attain considerable altitudes 

Tlie accuracy of the theory ean be tested by the results of catching 
spores during an airplane ascent As Table V shows, we would expect 
spores to be distributed in altitude aecordmg to their size or velocity of 
fall The pollen studies already mentioned by Rempe (1937) partly show 
the actually expected result, and indeed, show it with a single kind of 
pollen Titus, for instance, during one night Bctula pollen, caught at 

Table V 

Variation in Maximum Prodadle Flight Altitude of Spores or Differing 
Size with Vertical Mass Exchange 

Mivijnum 
Tltitudc m m with 
Fall velocity mass exchange A 

(cm /sec ) 10 20 50 100 

(gm /cm sec ) 


Small spores (5 G) 

0035 

541 

1082 

2705 

5410 

Medium spores (14 6 ) 

0138 

137 

274 

685 

1370 

Large spores (22 16) 

0975 

19 

38 

95 

190 

Spores of Phytophthora tnfestans 

13 

15 

29 

73 

145 


around 1000 meters altitude had an average diameter o£ 23/x, and that 
caught near the ground had an average diameter of ZTp. During the day, 
however, pollen of all kinds and sizes was uniformly distributed at all 
altitudes At a height of 2(X)0 meters Firbas and Rempe (1936) did not 
find the expected distribution of pollens according to size and fall 
velocity As far as Phytophthora is concerned, Hanni (1949) describes 
observations suggesting that spores have risen to altitudes of several 
hundred meters According to Table V, however, the maximum probable 
flight height under the turbulence occurring near the soil is likely to be 
less than 100 meters Apparently there are discrepancies between theory 
and observation Hanni’s (1949) studies, however, clarify the apparent 
difficulty These studies were carried out m mountain areas where the 
turbulence is characteristic but differs from that encountered m planes 
Orograpbically conditioned vertical currents could develop, amounting 
to as much as 200 gm / cm sec or more m a small area and for a lim- 
ited period of time Under these conditions an ascent of spores of 
Phi/tophthofa tnfestans to several hundred meters in altitude is not a 


Spore size 
(length/width) 
(m) 
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problem. An explanation for the observations by Firbas and Rempe 
(1936) has been given in discussing turbulence as a transportation 
force. The strong vertical air movements, as they are known from the 
huge swollen clouds, allow the value A in formula (47) to increase 
markedly. Tlien the effect of velocity of fall on the size distribution of 
particles disappears for a limited time in a limited volume. Stakman et al. 
(1923), in spore-trapping experiments in airplanes, found no spores. 
Tliis indicates that these spores normally reach heights of less than 100 
meters, as Table V shows. The results by Raeuber (1957), who caught 
spores at trapping stations at several locations near the ground as well 
as at an altitude of 22 meters, should also be used as confirmation of 
theoretical results. Not only is the rise and fall of the numbers caught 
daily at an altitude of 22 meters analogous to that occurring at ground 
stations, but also the total number of spores caught at this altitude was 
one-third of those caught at the normal ground stations directly below 
and one-tenth of the spore number caught at the true source of spores 
Thus we can determine the probable flight altitude of the spores 
and see that theory and observation substantially agree with one another 

D. Duration of Flight 

The question of how long the time is from the take-off of spores to 
their landing again has seldom been asked. The flight time is difficult 
to observe and can scarcely be determined experimentally To he sure, 
calculations have been made, such as those by Christensen (1942), who 
estimated that a spore of Ustilago zeae, flying 1 mile above the ground, 
would come back to the ground only in 9 days Such a calculation con- 
siders only the downward motion under the influence of gravitation and 
not the vertical movement resulting from (he influence of turbulence. 

The question of duration of flight, then, can only be answered theoreti- 
cally and one should refer to the derivation by Rombakis (1947). For 
the sake of completeness reference should be made to Schmidts (1925) 
treatment of this problem. 

Here, too, the duration of flight is understood as a “probable flight 
duration” since it naturally follows from definitions for flight line, flight 
range, and flight altitude. If we designate the duration of flight with t, 
we can proceed from the simple condition that t = r must be at the 
place of s = 0, X = X, where the spore lands. Then, however, according 
to equation (32) 

0.4769 \/4CTr — cr = 0 (48) 

or after squaring, 

cV = (0.4769)* X 4nr (49) 
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when 

r = (04709)’X^ 

and substituting A /8 for a, we obtain, as equation of probable duration 
of flight, 

T = 0 91 X 

Sc- 

We obtain the same result by dividing equation (43), i.e., the equation 
of probable flight range, by the horizontal wind velocity V. 

The probable duration of flight is thus directly proportional to the 
vertical mass exchange and inversely proportional to the square of the 
velocity of fall It is independent of the horizontal wind velocity. 

Again we have a significant quantity for dispersal that does not 
depend on the wind as such. The duration of stay in the air is deter- 
mined only by the vertical movement components, to which horizontal 
wind velocity does not contribute anything. From equations (47) and 
(51) we see that the maximum probable flight altitude is achieved in 
time t = 1/4 T, and the curve of the flight line has a steep ascent and a 
flat descent 

Table VI gives the values of the flight duration under various tur- 
bulence conditions for various spore sizes, to which the respective values 
for spores of Phytophtliora infestans are added 


VI 

Phobable Flight Duration of Spores or Various Sizes under Varying 
Vertical Mass Exchange 


Spore size 
(length/width) 

Fall velocity 
cm /sec 

Flight duration 
under mass exchange A 

10 

20 

50 

100 

Small spores (5 3 ) 

0 035 

72 days 

144 days 

1 year 

2 years 

Medium spores (14 8) 

0138 

5 days 

9 days 

23 days 

46 hours 

Large spores (2.2 16) 

0975 

as hours 

415 hours 

li hours 

22 hours 

Spores of Phtjiophihora tnfestans I 3 

hours 

215 hours 

hours 

12?5 hours 


We can see, therefore, that the flight in the air can last for 1 hour or 
1 year, depending on size of spores and on turbulence. From Schrodter’s 
(19S4) calculations we see that the flight duration at small exchange 
values near the ground can be but a few minutes for large spores. On 



G DISPERSAL BY AIR AKD WATER — tLIGHf AND LANDING 191 

the other hand, a tiny spore 4/i in length and l/t in width has a velocity 
of fall of 0 006 cm /sec and can remain m the air more than 33 years at 
an average mass exchange of 50 gm /cm sec From a practical pomt of 
View such spores should only be considered as suspension particles for 
which the probability of reaclnng ground is very small, unless another 
external circumstance provides a back transfer to the earth’s surface The 
duration of stay m air as computed from equations cannot be checked 
by observation 

The duration of flight is significant from an epidemiological point of 
view m connection with the problem of viability of spores Consider the 
spores of Phytaphthora mfestans as an example According to a short 
summary by Raeuber (1957) the spores retain their viability in dry air 
for a very limited time When, on the other hand, we conclude from the 
data in Tables III and VI that these spores can cover a distance of 
72 km m only hours at a mass exchange of 20 gm /cm sec and a 
wmd velocity of 8 meters/sec , we understand it to be a broad dispersal 
not only of spores, but also of mfeclion Because such conditions are 
fulfilled mostly in windy and rainy weather (i e , under high atmospheric 
humidity) one can hardly count on a loss of viability in so short a time 
In connection with the viabihty of propagules the duration of flight is 
thus also an epidemiologically important problem, about which theory 
can give adequate information 

Rombakis (1947) himself points to the fact that objections could be 
raised against the "exchange theory” when the particles to be transported 
leave their source individually, one after the other, and not as a group 
in large concentration at one lime Even under these two conditions 
identical results can be obtained by deductions from statistical physics 

III Concentration in tiie Air 

The second important problem to be tackled deals with the variation 
in number of propagules per unit volume of air We know from ex- 
perience that the number of spores contained in a cubic meter of air 
changes with altitude We know from spore trapping experiments that 
the spore concentration is largest on the ground and that it decreases 
with altitude From the theory of vertical mass exchange we kmow 
further that it is this vertical change of the spore content which should 
be considered a property of tlie air that elicits the "flow of property” in 
a vertical dnection Such a mass exchange occurs not only vertically, 
but also horizontally Thus we are dealing ivith occurrences that are 
\ery similar to the diffusion of gases Diffusion is known to be a direct 
consequence of molecular movement, le, a compensation of density 
differences due to the random character of molecular movement In a 
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turbulent mass exchange we also have analogous disorganized movement 
and can consider the occurrences as a kind of diffusion in which, instead 
of molecules, larger air quanta arc involved The effect of such a tur- 
bulent diffusion IS readily observed, e g , the spread of a trail of smoke 
from a factory chimney Like the trail of smoke from the factory chimney, 
the spore cloud coming from an infection source is dispersed in a 
horizontal and vertical direction, and as the cloud increases in volume, 
the spore concentration must become less and less 

A theoretical treatment of diffusion of small particles, emitted from a 
pomt source into a turbulent medium, was carried out by Ogura and 
Miyakoda (1954) Edinger (1955) also concerned himself with the 
dispersal by turbulent diffusion of particles too large to participate m 
Brownian movement Turbulent diffusion m the air stratum near the 
ground was treated in detail by Sutton (1953) In the spread of plant 
pathogens the air stratum near the ground is the true place of observa 
tion Therefore, the following is based on Sutton’s presentation 

A Turbulent Di§uston 

The theory of turbulent diffusion m relation to the present problem 
contains a series of mathematical difficulties Contrary to the problem of 
spore flight, which is concerned only with vertical mass exchange, the 
present problem is concerned with vertical and with horizontal mass 
exchange as well A complete derivation will be sacrificed m this chapter, 
and instead a description of what is necessary for understanding of the 
basic equation for concentration change will be given One should refer 
to Sutton (1953) and the literature cited for further details 

We limit ourselves to diffusion from a pomt source and use a co- 
ordinate system with the x axis in the direction of the average wind, the 
tj axis at a right angle to the average wind, and the z axis vertical Thus 
at r = 0 we have the earth’s surface The average wind is considered 
to be steady and dependent only on altitude, so that the conditions 
u = u (z), o = tu = 0 are valid for the average velocity components m 
the direction of the axes In addition, we assume that only small tempera- 
ture gradients are present, that the ground neither absorbs nor emits the 
propagules being dispersed, and that during diffusion no propagules are 
deposited from the cloud The particles are assumed to be so small as 
to have negligible falling motion Although velocity of fall is significant 
for dispersal, we can, for the lime being, assume that only short distances 
are under consideration and that the effect of fall is a needless complica 
tion to understanding the basic principle A theoretical expos6 that takes 
sedimentation into consideration, as in agent flight, is given later m 
another context (see Section V) 
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The problem is the solution of the diflFerential equation for diffusion, 
which is given in a general form by 

(52) 

in which s is the concentration in the Xyy,z directions at time f, and Oy 
and fly represent the parameters of diffusion in the direction of the 
coordinate axes. This equation is related to equation (24) for the case 
c “ 0, i.e., the equation (24) is a special case of equation (52), when 
a = A/S = const., and is the vertical component of this diffusion. If we 
consider a continuous point source, then neglecting the term 




we have 


ds 

d 1 

( ds\ 

1 , d j 

f di\ 

"'■’to' 

“dy’ 


+ a-J 



(53) 


The difficulties connected with the solution of this differential equation 
were overcome by Sutton (1953) with the help of Taylor's theorem. 

If c is the standard deviation of distances, traveled at a time T by 
particles originally concentrated in the x-z plane, then we have 

(54) 


0^ = I" f^mdidt 


in which R (|) is the correlation coefficient between eddy velocities 
(to') at time t and t + I According to Sutton (1953) R (^) is given by 
expressions of the form 


R.(f) 


’ (.) +«'■{) 


(55) 


in which 17 represents the coefficient of hinematic viscosity and n is a 
number for which Sutton (1953) gives the value n = > 4 . The solution of 
the diffusion problem would be to find a function tor the distribution of 
the concentration, that for a given R (()—m addition to other condi- 
tions— also fulfills equation (54). From equations (54) and (55) it fol- 
lows that 


t 


ri'(^)" 


'if dt. 


(5G) 


In integrating we may neglect terms of the order of 7 since they are small 
compared to u'‘T, thus obtaining 


( 57 ) 
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in winch C- represents the general coefficient of cliltusion given by 

C. = 

(1 - n)(2 - n)u"\ mV 

For n = 1 equation (57) lias the form 

ff® = 2Kl 


(5S) 

(59) 


which corresponds to Einstein’s law for Brownian motion. 

For turbulent diffusion over an acrodynamically rough surface not 
only kinematic viscosity must be taken into account but also macro- 
viscosity, caused by rough ground and called N by Sutton (1953). Since 
T) IS surpassed by N many times in size, i? can be substituted by N in 
equation (58) so that the general diffusion coefficients acquire the form 




4A^" 

(1 — n)(2 — n)u" / 


( 00 ) 


If Q is the strength of the source, i.e , the quantity of diffusing substance 
given up by the source in time unit, then according to Sutton (1953) 
the function sought for concentration within the continuous point 
source is 

Since the significance and origin of dimensions Cy and Cs are suf- 
ficiently known, we can use this function, derived from the theory of 
turbulent diffusion, in the observations that follow about the concentra- 
tion change along the course of flight. 


B. Horizontal Concentration Change 
A spore cloud, arising from a sufficiently high point source, has 
the shape of a horizontal cone. The tip lies at the source of the spores, 
and the base points toward the downwind A section through this cone, 
at a right angle to the average wind direction, has the shape of an 
ellipsis, since the turbulent dispersal of spores is smaller in vertical 
direction than in the horizontal one, Wilson and Baker (1946) demon- 
strated this experimentally by using small puffs of ammonium chloride. 
Brunt (1934) established the ratio of horizontal to vertical components 
of turbulence as 1.59:1 by means of a double wind vane. By catching 
spores, Wilson and Baker (1946) found a similar ratio 1.55:1. Tlie dif- 
fusion coefficients Cy and C, in equation (61) are given by Sutton 
(1953) as Cy = 04 and 0^ = 02; thus, they also show the elliptical 
shape, but with different axes. But, under the conditions of equation 
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(61) Sutton (1953) proved that these values for diffusion coefficients 
describe the concentration change with distance with sufficient accuracy. 
Therefore, for simplicity’s salce, these values are used. 

The form of the spore cloud changes when the ground, as a limiting 
surface, prevents downward dispersal In most cases the spore sources 
lie on the ground or close to it. Therefore we shall consider first the 
horizontal change in concentration at the ground. The spore source is 
located at the point x = ij ~z = (S. Consider the change in concentration 
along the x-axis downwind, i e., the concentration change with increasing 
X when j/ = s = 0. Assume a continuous point source with arbitrary 
but firm values for strength Q and the average wind velocity u. This 
gives the decrease of concentration in the direction of the wind (along 
x-axis) based on equation (61) (Fig. 3), Since we chose arbitrarily the 



Fic. 3. Horizontal change of concentration (s) on the ground with increasing 
distance (*) from a continuous poml source of spores, in the downwind direction 

values of Q, u, and x, as long as they are consistent with one another, 
Fig. 3 shows the shape of a curve for the general case. 

We can see from Fig. 3 that as the distance increases, the concentra- 
tion rapidly decreases to small values. This explains Kerlings (1919) 
statement, for example, that even though the infection of peas by 
Mycosphaerella pinodes spreads in the direction of the prevailing wind, 
the strength of attack decreases with distance from the source of in- 
oculum. We also understand the results of studies by Bateman (19-47) 
about pollen dispersal and by Parker-Rhodes (1951), about Basidio- 
mycetes of Skokholm Island; Farker-Rhodes obtained deposits of pollen 
or of spores only over short distances. We now understand bow Gregory 
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(1952) concluded that 99.9% of spores should fall to the ground within 
the first 100 meters. 

Buller and Lowe (1910) established that the ratio between the num- 
ber of microorganisms deposited on a horizontal surface and the number 
of microorganisms found in a certain air volume fluctuates greatly. 
Durham (1944) came to the same conclusion: there is no close connec- 
tion between the number of the spores deposited and the actual spore 
concentration. Just as the spore concentration rapidly decreases to small 
values with distance, so do the chances of catching spores on a sticky 
surface decrease. Small wonder that investigators have concluded that 
the spores precipitate when the effect of turbulent diffusion is not taken 
into consideration Figure 3 and equation (61), used for calculations, 
show how untrue this is. In this example and in accordance with 
hypotheses, no particles have precipitated yet from the sporo cloud, 
but dispersal in a horizontal and a vertical direction have taken place, 
and turbulent diffusion is responsible for this. This diffusion is actually 
not constant, even though we have considered it so for simplicity’s sake. 
Reckoning with this we can also understand, at least partly, the results 
oi Baieman (1950), according Vo which species are not spread in a nor- 
mal frequency around their source, but the distances are greater and 
under certain conditions show a digression above the expected value. 

Figure 4 shows how the concentration changes in a plane normal to 
the average wind direction, along the f/-axis, where z = 0, i.e., the con- 
centration is observed on the ground. The change in concentration in the 
crosswmd direction can be observed only at a limited distance from the 
spore source. Because the downwmd concentration according to equation 
(61) is heavily dependent on distance, two distances were chosen, 
X = b and x = 2b, in order to describe the distribution of the concentra- 
tion in the average crosswmd direction and the change of this distribution 
in the average downwind direction. 

As Fig. 4 shows, the concentration decreases sharply along the f/- 
axis on either side of the point t/ = 0. If we double the distance along 
the x-a\is where we observe the concentration change and measure it at 
the value x = 2b instead of x =b, then the maximum concentration is 
much lower, as expected. In the vicinity of y = 0 the spore concentration 
is lower than at a distance of x = b. But at a greater distance in the 
crosswind direction, y = rt50, the spore concentration is visibly higher 
than at distance x = b. Tlie increasing lateral dissemination through 
turbulent diffusion leads (at a given distance from point y = 0) to 
the increase of concentration in the periphery at the cost of the con- 
centration in the center; the quantity of dispersed spores remains the 
same since according to assumption, no precipitation from the spore 
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cloud occurs The curves offer tlie picture of a random distribution as 
we know it from the typical bell shape of Gauss’ normal distribution The 
difference between the distributions ior x~b and x~2b could be ex 
pressed by their different standard deviations This parameter could be 
used as a measure for dissemmation Thus, for instance, the decrease in 
concentration with lateral distance would follow the normal curve and 
± 3 <t units would mclude 99 732 of this total A limiting value could be 
established on the basis of phytopathological considerations, below 
which the probability of mfection is negligible This measure for 'dis- 
persal” could be of extraordinary value for epidemiological questions 
Sutton (1947) pointed out that the particles in a cloud, subject to 
turbulent diffusion, are distributed normally about the center with a 



Fig 4 Horizontal change of concenlraUon (s) m the crosswind direction on 

the ground at two distances x = b ( ) and x — 2b ( ) from a continuous 

pomt source of spores located at the point * = y s = 0 

certain standard deviation This increases steaddy when the cloud is 
expanded into free air through turbulence He calculated the standard 
deviation for smoke and gases under various turbulence conditions 
Gregory (1945) used Sutton’s equation successfully for the question of 
spore dispersal He was one of the first m phytopathology to use tlie 
modem meteorological presentations about turbulent diffusion for the 
problem of agent distribution Empuical formulas for spore dispersal 
were established several times For example, Wilson and Baker (1946) 
described the dispersal of Sclerotmm laxa through fruit trees by means 
of equation (62) 
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where xj is the ratio behveen the percentage of blossom infection in 
trees at a distance from the source and the percentage of blossom in- 
fection of trees serving as a source. Tire horizontal distance from the 
source is x, while A and p are constants that, according to Wilson and 
Baker (1946), depend on wind velocity and possibly also on other 
factors Although Wilson and Baker (1946) recognize that turbulence as 
well as wind velocity play an important role, their empirical equation 
(62), with which they could obtain very good results, could not clarify 
the actual effect of turbulence on dispersal. Gregory’s (1945) equations 
are no longer of purely empirical nature. The dimensions contained in 
them are defined from physical considerations. 

The comparison between theory and observation involved certain 
difficulties. These arose primarily from our inability to measure spore 
concentration because of the lack of adequate instruments. Schrodter 
(1952a) used the Zelss-Konimeter for measuring the spore content of 
the air, but the air volume samples taken with this apparatus were too 
small to yield positive data. On the other hand, the “Cascade Impactor” 
(May, 1945) made such studies possible. Previous experiments, however, 
were based mainly on the number of spores adhering to a sticky surface 
or on the number of infected plants around an infection source. As was 
shown above, such data could give no information about the actual spore 
concentration in the air because they depend on too many factors. But 
since the spore concentration among these factors also represents a 
significant dimension in unit volume of air, such results can give informa- 
tion, if not quantitatively at least qualitatively, about the seasonal 
variation in spore content of the air, as established by Horne (1935) and 
Hyde and Williams (1946). With this sedimentation method Durham 
(1942) established that a great “spore shower” occurred in October, 
1937, over the whole eastern area of the United States, in which the 
deposit on horizontal surfaces was up to 800-1200 per cm.® a day at 
several localities. 

Observations give little information about the magnitude of Q, nor 
can a measure of Cy or Cg be derived from them, although data on wind 
velocity t* are mostly available. Yet these values are necessary for using 
equation (61). Stepanov (1935) set free 1.2X10® spores of Tilletia 
caries at an altitude of 1 meter so as to catch them at varying distances 
leeward from the spore source on sticky surfaces. If the data by Lambert 
(1929) on dispersal of aeddiospores of Puednia graminis are observed, 
or those by Buchanan and Kimmey (1938) on the horizontal dispersal 
of infection with Cronartium ribicoJa, or by Bonde and Schultz (1943) 
on infection dispersal by Thytophthora infestans, in which case the spore 
source or the infection focus was exactly known, the same characteristic 
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curve is found as in Fig. 3 for horizontal change of spore concentration. 
Thus it is possible on the basis of certain assumptions to find a direct 
relationship between theory and the results of such studies. 

For this comparison we have chosen the data of Stepanov (1935) 
and of Wilson and Baker (1946) on the horizontal change in the number 
of Lycopodium spores with distance from the source. To obtain numeri- 
cal values for use in equation (61) we must assume that the spore num- 
bers established in these studies are equal to the number of spores per 
unit volume. We further consider the diffusion coefficients Cy ~ 0.4 and 
Cg = 0.2 as valid also for these experiments. Since strength Q is only 
known hypothetically through Stepanovs (1935) data (a measure for 
the spore quantity dispersed per time unit is lacking), we choose the 



Fic. 5 Comparison between observed values ( ) and values calcuhfcd 

according to equation (81)— ( ) of horizontal concentration change. (Observed 

values acconluig to Stepanov, (b) accordms to Wilson and BaXcr.) 

value of Q so that values for concentrations calculated by means of 
equation (61) for the first distance, data x, is approximately the size 
of a measured numerical value. Tliis comparison is therefore only 
approximate. 

The result is shown in Fig. 5. The dotted curve (a) corresponds to 
Stepanov’s data (1935), the doited curve (b) to data by Wilson and 
Baker (1946). The unbroken curves, on the other hand, represent the 
calculated values according to equation (61) under the above assump- 
tions. The agreement between thcorj' and obscr\'alion is considered vcr>' 
good. Thus equation (61), obtained from the theory' of turbulent dif- 
fusion describes the horizontal concentration cliange in a sufficiently 
exact manner. Tlic horizontal concentration cliange follows a logarithmic 
law. It is directly proportional to the strength of the source and in- 
directly proportional to the diffusion in horizontal and vertical directions. 
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It decreases with distance, not witli a:* as Wilson and Baker (1946) 
assumed, but with a somewhat smaller exponent given by 2-n. According 
to Sutton (1953) the value n = % can be applied. 

C. The Vertical Concentration Change 
With the help of equation (61) we can also demonstrate the vertical 
concentration change just as we can the horizontal concentration change. 
Here again the vertical concentration change must be observed at a dis- 
tance from the spore source. Putting the source at the point x = V — 
z = 0 and observing the concentration change with z at positions i/ = 0 
and x = a, x = 2a and x = 3a with firm values of Q, u, Cy and C*., we 
obtain the curves shown in Fig. 6, based on equation (61). 



Fig. 6. Change of concentration of spores (s) with increasing altitude (s) at 
a given distance from a continuous point source of spores 

Figure 6 shows the decrease in number of spores with height in the 
expected logarithmic form. In comparing the three curves for distance, 
^ ^ ^^d X ~ 3a, we recognize that the decrease in number of 

spores with height becomes less as distance from the spore source is 
increased, while at the same time the spore concentration rapidly de- 
creases near the ground. Then we obtain the same picture as that already 
demonstrated in Fig. 4 for the horizontal change in spore concentration 



6 DISPFnS-VL m Ain AND ^^ATEn — rUCIIT AND LVNDLVG 201 

m the crossuind direction Close above the eartljs surface the concentra- 
tion decreases as distance increases, but higher above the earths surface 
It increases at first 

For the \crtical concentration diange, too, it is not easy to find 
experimental data, with the help of uhich a comparison behveen theory 
and obscrv’ation is possible TIic vertical dispersal of spores has usually 
been studied witli airplanes equipped with spore traps (Stakman ct al, 
1923) Tliese studies were made in order to investigate how high up 
spores and pollen could be found Although no conclusions were drawn 
as to the change in spore concentration ^\lth altitude within a given spore 
cloud, the studies did demonstrate a general decrease m number of 
spores with altitude These results were later confirmed repeatedly Thus 
MacLachlan (1935) used an airplane to catch basidiosporcs of Gtjmno 
sporangtttm at different altitudes over a heavily infected area Craigie 
(1945) conducted similar experiments to determine the role of air-bome 
spores in the dispersal of rust to western Canada At altitudes between 
1000 and 5000 ft surfaces were exposed by airplane for 5 to 15 minutes 
and the number of spores per unit area was determined for various alti 
tildes extending as high as 14,000 ft At 1000 ft 24,200 spores per unit 
area were found, at 5000 ft , 7560 spores, at 10,000 ft , 108 spores, and at 
14,000 ft , 10 spores Thus, under these conditions the spore concentration 
decreases logarithmically with height 

Tins relation was also demonstrated by Rack (1957) for the air 
stratum near the ground with simple spore traps set at heights of less 
than 2 5 meters Only die relative spore content m the air and its change 
with height can be established from these studies because of the nature 
of the instrument used To use these data to compare theory and observa 
tion we most again make p/ausibfe assumptions about the unknown 
parameters Tlie result of this comparison is given m Fig 7 The agree 
ment between calculated and observed values is good, which indicates 
that equation (61) desenbes the vertical change in concentration 
accurately 

The general validity of this relation between height and spore con 
centration can also be examined by comparing the curve given in Fig 6 
with the results of MacLachlan (1935) and Craigie (1945) Figure 8 
presents the comparison graphically Data from which each curve is 
constructed were converted from the original data to the same relative 
scale to make them comparable m a graph This was done by deter- 
mining the ratio of values of S, the spore concentration, at the lowest 
altitude in each series and multiplymg the origiml data by this ratio 
As Fig 8 shows the vertical change m concentration calculated by means 
of equation (61) is qualitatively the same as the observed change in 
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F:o 7 Comparison between calcuHted ( ) nnd observed ( ) values 

of spore concentration (^) with altitude (Observed values from Rack 1957 ) 



o 


Tic 8 Comparison between observed ( ) and calculated ( ) values 

of spore concentration (s) with altitude (Curve 1 from observations b\ Craigle 
(1015), mne 3 from observations by MacLachlan (1935) curve 2 from Tig 0 
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spore concentration with height Both the horizontal and the vertical 
change in concentration follow a logarithmic law It is directly propor- 
tional to the strength of the source and inversely proportional to the 
turbulent difEusion in both the horizontal and vertical directions and is 
also inversely proportional to the (2 — n) power of the distance from 
the source of spores 

In the special case when the source of spores does not lie on the 
earth^s surface but occurs at a height h above the ground, z does not 
equal 0, but instead z — h When the spore source is sufficiently high 
above the ground and observations are made relatively near (horizontal) 
to the source, the vertical concentration of spores can be computed by 
means of equation (61) In this case we chose the coordmate system in 
such a way that the zero point lies at a: = // = 0, z — h, and altitude z 
from equation (61) is counted from h, positive upward and negative 
downward The question anses whether the diffusion coefficient C 
depends upon height Sutton (1953) shows the nature of the relation 
between the diffusion coefficient C at height z in meters above the 
ground by the empirical formula 


C = Co — 0 075 X logic 2 


(03) 


in which Co represents the diffusion coefficient on the ground As can 
be seen C varies but little with altitude and when small altitudes arc 
involved, we can safely assume that C remains constant For small 
altitude differences Sutton (1953) showed that the ground did not act 
as a limiting surface in vertical distribution of concentration, eg, tljo 
smoke commg from a factory chimney at first spreads as though tlio 
earth’s surface were not a limiting surface Thus the vertical concentra- 
tion change is symmetrical about a line parallel with the earth s surface 
that goes through the source of spores at height point z ~h As Fig 4 
shows, such symmetry is to be expected Studies by Wilson and Baker 
(1946) indicate that this is true both in theory and m fact (Fig 0). 

Wilson and Baker (1946) studied the change m spore concentration 
m the air by freeing Lycopodium spores from a source at an altitude of 
7 5 ft and by catchmg spores on glass plates at various distances from 
the source The spore cloud downwind had a sphere shaped form Also 
as Fig 9 clearly shows, there was a rapid decrease m spore number in 
the horizontal direction and a nearly normal distnbution m tbe vertical, 
with the center of the spore cloud as an axis 

A comparison of these observ'ations with theory is suppl/ed by Fig 
10. calculated on the basis of equation (61) The value of Q is not ob- 
tainable from the data of Wilson and Baker (1946). A value of O 
assumed, such that the estimated ^aluc of concentration correspomb 
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the highest spore number observed by them This assumption is made to 
permit a qualitative comparison AH other values of concentration are 
calculated from this value for Q for the same points as were observed 
by Wilson and Baker (1946) 



Fic 9 Number of Lycopodtum spores (s) caugbt at a different height ( 2 ) 
and at a different distance ( o = 5, h = 10, c = 15 ft ) from a spore source at the 
altitude of h = 75 ft (Data of Wilson and Baker, 1948 ) 



Tig id Cnkulated spore concentiaUon at different alUtudes and at different 
distances From a source oE spores at an altitude z = h (Based on data of Wilson 
and Baker (1946) m Fig 9) 


Figures 9 and 10 correspond almost completely The agreement 1 
observations with theory is unusually good Thus collecting spores, ; 
Wilson and Baker (1946) and many others have done, can answer que 
lions about spore dispersil when these questions are qualitative rathf 
tinn quantitative 
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D. The Concentration at Ground Level with Elevated Source 

Sources of pathogenic spores are mostly on the ground or so near the 
ground that we hardly have to consider their height This is especially 
true because we can regard the upper limit of the closed cover of vegeta- 
tion as the surface of the earth when vegetation is relatively low For 
higher vegetation, e g , fruit trees, this is not true From an epidemic 
logical point of view the question of spore concentration at any point is 
of little mterest The change of concentration with the altitude of the 
source along a parallel to the x-axis was discussed m the previous sec- 
tions We will now give our attention to the concentration of spores near 
the ground when the spores arise from a high source 

Directly under the source the concentration will be naturally zero 
Then the concentration will increase at first However, since the spore 
cloud becomes more difiFuse with distance because of turbulent diffusion, 
the concentration will finally decrease agam Thus, from a high source of 
spores the shape of the curve relating distance to spore concentration at 
the ground is not simple 

If the source is at the point a: = t/ = 0, z — h, then, according to 
Sutton (1953), the equation for the concentration at one pomt of the 
atmosphere with coordinates is 


s re y,z) 


X j^exp (- + exp (- 


C,V-” /J 


(G4) 


The dimensions contained in this equation are all known from pre\ious 
explanations When 7i = 0, equation (64) simplifies to equation (61) 
When we ask only how the concentration changes at the ground, and 
remembenng that the source is at height h above, we can set ij = z = 0 
into equation (64) and simplify it to 


s(x)y. 


2Q 




; X c\p 


(-eS=) 


(05) 


Figure 11 shows the change in spore conccntralion along the ground, as 
described by equation (63) 

From an epidemiological wew the apex of this ciinc Ins tno inter- 
esting .-ispects What determmes lion high tlic peal of concentration is= 
At nhat horizonml distance from the source docs this maximum occur, 
1 e , nhat docs this distance depend on? Under certain circinnstamx-s tins 
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the highest spore irumber observed by them This assumption is made to 
permit a qualitative comparison. All other values of concentration are 
calculated from this value for Q for the same points as were observed 
by Wilson and Baker (1946). 



Fig 9 Number o£ Ltjcopodmm spores is) caught at a different height (a) 
and at a diEFerent distance ( a = 5, b = 10, c = 15 ft ) from a spore source at the 
altitude of /i = 75 ft (Data of Wilson and Baker, 1946 ) 



Fig 10 Calculated spore concentration at diderent altitudes and at different 
dWancei from a source of spores at an altitude = = 11 (Based on data of Wilson 
and Baler (1910) In Fig B ) 

Figures 9 and 10 correspond almost completely. Tlic agreement of 
oliscn-.itions with thcoty is unusually good. Thus collecting spores, as 
\\ ilson and D.ahcr (1910) .and many others have done, can answer ques- 
I ons alKint spore dispersal ashen tliese questions arc qualitative ratlier 
linn quantitalKf. * 
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D. The Concentration at Ground Level with Elevated Source 

Sources of pathogenic spores are mostly on the ground or so near the 
ground that we hardly have to consider their height. This is especially 
true because we can regard the upper limit of the closed cover of vegeta- 
tion as the surface of the earth when vegetation is relatively low. For 
higher vegetation, e.g., fruit trees, this is not true. From an epidemio- 
logical point of view the question of qiore concentration at any point is 
of little interest. The change of concentration with the altitude of the 
source along a parallel to the :c-axis was discussed in the previous sec- 
tions. We will now give our attention to the concentration of spores near 
the ground when the spores arise from a high source. 

Directly under the source the concentration will be naturally zero. 
Then the concentration will increase at first. However, since the spore 
cloud becomes more diffuse with distance because of turbulent diffusion, 
the concentration will finally decrease again. Thus, from a high source of 
spores the shape of the curve relating distance to spore concentration at 
the ground is not simple. 

If the source is at the point x = tj=^0, z = h, then, according to 
Sutton (1953), the equation for the concentration at one point of the 
atmosphere with coordinates x,y,z, is 


« X y,z) > 


Q X exp 


( 


irCyCtUX^' 


The dimensions contained in this equation are all known from previous 
explanations. When h — 0, equation (64) simplifies to equation (61). 
When we ask only how the concentration changes at the ground, and 
remembering that the source is at height h above, we can set i/ = s = 0 
into equation (64) and simplify it to 


$(x)y, 


2Q 


’ vCyCtiur' 


— X exp 




( 0 . 3 ) 


Figure 11 shows the change in spore concentration along the ground, ns 
described by equation (65). 

From an epidemiological Wcw the apex of this cuiwe has two inter- 
esting .aspects. Wliat determines how higli tile peak of concentration is? 
At wh.at liorizontal distance from tlic source docs tills maximum occur, 
i c what docs tliis distance depend on? Under certain circninstances tin's 
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distance could be considered epidemiologically as a “critical” distance. 
We designate these two characteristics as and Xma* (fig- 



Fig 11 Change of concentrabon on the ground (s) with increasing distance 
(x) from a spore source at height (h) above (Calculated from equation (65) ) 

Equation (65) shows that the spore concentration s must attain a 
maximum when the exponent h^iCt^X' " = 1, that is, when x*'” = 
According to Sutton (1953) the maximum concentration at the ground 
from equation (65) is 



Thus the maximum concentration at the ground is directly proportional 
to the strength of the source and inversely proportional to the wind 
velocity and to the square of the altitude of the source above the ground. 

From the condition leading to the derivation of equation (66) from 
equation (65) we arrive at the distance of the point of maximum con- 
centration from a point under the source 


Xni«» — 


\ U(3-n) 


(07) 


Tlio distance of maximum concentration is approximately proportional 
to the height of the source, but it is independent of the horizontal wind 
velocity. Tliis should not be overlooked in evaluating the “critical” 
distance. 

The accurac>' of this theoretical result cannot be tested because no 
obscrx'ations are available. Tiie studies of Wilson and Baker (1946) 
Involve only relatively short distances, and extrapolations of curves from 
ihcir data would he unreliable because the number of spores decreases 
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so rapidly as the distance increases. 'Hiey can serve conditionally, how- 
ever, to test the accuracy of the theory if we consider the number of 
spores observed beneath sources at varying height. From their observa- 
tions we cannot derive the true values for either Sma* or JCma** However, 
w© can contrast the obse^ed values with curves calculated for this 
special case from equation (65), and this is done in Fig. 12. 

The comparison is most alike when spores are counted at a point 2 
ft. beneath the source, i.e., k = 2. The agreement is also good when 



Flo. 12. Comparison between calculated ( ' — ) and observed spore 

concentrations at ground level for sources of spores of varying altitude. (Values 
observed by Wilson and Baker, 1946 ) 

h = 1. Although there are but three observed values alone, we also know 
that directly imder the source, i.e , at a: = 0, z = h — 1, the number 
of spores must be zero, thus giving four observed values to which the 
curve can be fitted. 

Thus, when the source is high, the concentration of spores near the 
ground increases with distance from zero (directly beneath the source) 
to a maximum at a distance that varies approximately with the height of 
the source, and then decreases to low values as the distance increases 
further. 

We have seen how tlie spore concentration decreases to verj' small 
values even at a short horizontal distance from the source. Knowing Iiow 
rapidly spore concentration decreases wlh distance we can understand 
why in many spore-tmpping experiments, no spores ha\c been detected 
and also wliv an astronomical number of spores must be fnvolv’cd in 
dispersal if successful infections arc to occur. Purely hfological causes 
increase tbc numlicr of spores required. If, at a great distance from tlic 
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source, there is to be a measurable probability for successful infection, 
the spore output has to be very large indeed. A consideration of tur- 
bulent dispersal alone shows that our calculations must involve sources 
of strength Q, involving numbers of the magnitude of 10® to 10^ spores. 
Spore sources of this strength have been observed. In local pollen clouds, 
visible to the naked eye, Durham (1947) measured concentrations from 

2 X 10® to 10 X 10® pollen grains per cubic meter of air. According to 
Buller (1909) a specimen of Calmtia gigantea contained about 7 X 10^^ 
spores White (1919) reports that Ganoderma applanatum can eject 

3 X 10^° spores a day for 6 months, while according to Stevens (1911) 
a single apothecium of Sclerottnia sclerotiomm can produce about 
3 X 10^ spores. According to Ingold (1953) a Penicillium colony, with a 
diameter of 2 5 cm , can develop 4 X 10® conidia; an ear of corn infected 
by Tilletia caries can contain 1,2 X 10^ blight spores; the fungus Daldinia 
concentrica can eject more than 10® spores a day. Gigantic numbers of 
spores indeed are needed for dispersal. 

IV. Landing 

Duration and range of flight of spores are known from the theory of 
agent flight. Therefore we know when and where they land. The dis- 
cussion was based upon the "statistical mass” of spores and dealt with the 
center of gravity of the spore cloud. To close the cycle of dispersal, only 
the velocity with which the spore cloud as a whole gets to the ground 
can be discussed from the statistical point of view. But the question as 
to how the single spore lands from the turbulent air is not answered. 
However, flight and landing are the decisive components for dispersal. 
Tlierefore wo shall now consider the problem of deposit. 

A. The Problem of Deposit 

In tho following discussion the term “deposit” is used in the broadest 
sense. It encompasses the deposition on surfaces of spores during trans- 
port through the air, whether the surfaces are horizontally or vertically 
oriented, and whether or not the deposition is induced by external 
circumstances. Tlio processes of deposition cannot be studied adequately 
under natural conditions, i.c., outdoors. Moreover, in our considerations, 
the transition has to bo made from the total mass of spores to tho 
behavior of individuals or groups of individuals. 

Tlic whole complex problem of deposition in phytopathology has 
heretofore been neglected. A few studies have been concerned with the 
visible result of deposit processes rather than the deposit process itself, 
lanvood and Ifazcn (1912) made studies on how the conidia of 
Hn/dpljc gmminh arc oriented during deposition, and thus touched on 
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an important question Gregory (1951, 1952) concerned himself with 
deposition in a more extensive way and made valuable experimental 
observations on exactly defined surfaces 

Generally speaking, the very same forces that are responsible for the 
transportation of the propagules through air are also decisive for deposi- 
tion of spores Deposition is but a part of the transfer process It is the 
transfer of particles from the au* to surfaces Up to now we have observed 
only the transfer of particles from the surfaces in and through the air 
Important forces for deposition are gravitation and fall velocity, under 
whose influence the spores sediment slowly Another effective force 
develops from the horizontal air movement, resulting m the deposition of 
spores at perpendicular surfaces during their movement m the general 
current This process of impaction can deposit spores somewhat forcibly 
Turbulence is also an effective force m deposition Deposition occurs on 
the upper side of plant organs and on their lower side as well, as a 
result of motion of particles du-eclcd vertically upward as uell as do\vn- 
ward Deposition is also expedited by washing out through precipitation 
The following section will consider these processes in more detail 

B The Terminal Veloattj 

In Section II we considered the motion of the spore cloud and 
interpreted the definitions of probable flight line, flight range, flight 
altitude, and flight duration that were introduced by Rombal^is (1947) 
Since the ‘where” and "when” have been treited within the motion 
complex, we can readily clarify the problem of termin.il velocity To this 
end, the data by Rombakis (1947) are again helpful By referring to the 
derivations given in Section II we can readily obtain a precise definition 
for end velocity The ‘probable end \clocity is the end \clocity of the 
“center of gravity” of the spore cloud 

Turning again to some equations from Section II uc ln\e equation 
(32), from uhich we obtained the equation of probable flight line 

r = 0 4709 - ct (32) 

and obtained the equation of the maximum probable flight altitude, uifli 
the help of equation (32), from the condition 

= 0 1709 -v/JH - c = 0 (41) 

Tins equihon sn}s mere!, tint the sertitnl components of sclocit, at the 
Inchest point of the llichl line are equal to Etro 

If tsc ash about the end sclocils. «ith uhich the spore clntid arrlics 
at the ground during the landing process «e naliiralh rifer to a Mrti- 
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source, tliere is to be a measurable probability for successful infection, 
the spore output has to be very large indeed. A consideration of tur- 
bulent dispersal alone shows that our calculations must involve sources 
of strength Q, involving numbers of the magnitude of 10® to 10® spores. 
Spore sources of this strength have been observed. In local pollen clouds, 
visible to the naked eye, Durham (1947) measured concentrations from 

2 X 10® to 10 X 10® pollen grains per cubic meter of air. According to 
Buller (1909) a specimen of Calvatia gigantca contained about 7 X 10^" 
spores. White (1919) reports that Ganoderma applanatum can eject 

3 X 10'® spores a day for 6 months, while according to Stevens (1911) 
a single apothecium of Scleroiinia sderotiorum can produce about 
3 X 10' spores. According to Ingold (1953) a FenicUUum colony, with a 
diameter of 2 5 cm , can develop 4 X 10® conidia, an ear of corn infected 
by Tilletia caries can contain 1.2 X 10' blight spores; the fungus Daldinia 
conccntrica can eject more than 10® spores a day. Gigantic numbers of 
spores indeed are needed for dispersal. 

IV. Landing 

Duration and range of flight of spores are known from the theory of 
agent flight. Therefore we know when and where they land. The dis- 
cussion was based upon the "statistical mass” of spores and dealt with the 
center of gravity of the spore cloud. To close the cycle of dispersal, only 
the velocity with which the spore cloud as a whole gets to the ground 
can he discussed from the statistical point of view. But the question as 
to how the single spore lands from the turbulent air is not answered. 
However, flight and landing are the decisive components for dispersal. 
Tliercforc we shall now consider the problem of deposit. 

A. The rroblem of Deposit 

In the following discussion the term "deposit” is used in the broadest 
sense. It encompasses the deposition on surfaces of spores during trans- 
port through the air, whether the surfaces are horizontally or vertically 
oriented, and whether or not the deposition is induced by external 
circumstances. Tlic processes of deposition cannot he studied adequately 
under natural conditions, i c., outdoors. Moreover, in our considerations, 
the transition has to be made from the total mass of spores to the 
l>chavior of individuals or groups of individuals. 

Tlic whole complex problem of deposition in phytopathology has 
heretofore l>cen ncglcclctl. A few studies have been concerned with the 
visible result of deposit processes rather than the deposit process itself. 
Ynrv\o«l and Ilarcn (1912) made studies on how the conidia of 
.nyji;) ic gromhib are oriented during deposition, and thus touched on 
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an important question Gregory (1951, 1952) concerned himself with 
deposition in a more extensive way and made valuable experimental 
observations on exactly defined surfaces 

Generally speaking, the very same forces that are responsible for the 
transportation of the propagules through air are also decisive for deposi- 
tion of spores Deposition is but a part of the transfer process It is the 
transfer of particles from the air to surfaces Up to now we have observed 
only the transfer of particles from the surfaces in and through the air 
Important forces for deposition are gravitation and fall velocity, under 
whose influence the spores sediment slowly Another effective force 
develops from the horizontal air movement, resulting m the deposition of 
spores at perpendicular surfaces during their movement in the general 
current This process of impaction can deposit spores somewhat forcibly 
Turbulence is also an effective force in deposition Deposition occurs on 
the upper side of plant organs and on their lower side as well, as a 
result of motion of particles directed vertically upward as well as doivn 
ward Deposition is also expedited by washing out through precipitation 
The following section will consider these processes in more detail 


B The Terminal Velocity 

In Section II we considered the motion of the spore cloud and 
interpreted the definitions of probable flight line, fliglit range, flight 
altitude, and flight duration that were introduced by Rombalts (1947) 
Since the “where” and ‘when’ have been treated within the motion 
complex, we can readily clarify the problem of terminal velocity To this 
end, the data by Rombakis (1947) are again helpful By referring to the 
derivations given m Section II we can readily obtain a precise definition 
for end velocity The ‘probable end velocity’ is the end velocity of the 
“center of gravity” of the spore cloud 

Turning again to some equations from Section II wc ha\e equation 
(32), from \\hich we obtained the equation of probable flight line 


z = 0 4709 v'4fit - ct (32) 

and obtained the equation of the maximum probable flight altitude, uith 
the help of equation (32), from the condition 

= 0-1769 - c = 0 (II) 

lit 2 Vt 


Tins equation says merely that the xorlica! components of velocity at the 
highest point of the flight line arc equal to zero 

If wc ask about the end iclocitx. with which the spore cloud arrives 
at the ground during the landing process wc naturnllv refer to a Mrth 
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source, there is to be a measurable probability for successful infection, 
the spore output has to be very large indeed. A consideration of tur- 
bulent dispersal alone shows that our calculations must involve sources 
of strength Q, involving numbers of the magnitude of 10^ to 10^ spores. 
Spore sources of this strength have been observed. In local pollen clouds, 
visible to the naked eye, Durham (1947) measured concentrations from 

2 X 10® to 10 X 10® pollen grains per cubic meter of air. According to 
Buller (1909) a specimen of Calvatia gigantea contained about 7 X 10^® 
spores. White (1919) reports that Ganoderma applanatum can eject 

3 X 10'° spores a day for 6 months, while according to Stevens (1911) 
a single apothecium of Sclerotinia sclerotiorum can produce about 
3X 10' spores According to Ingold (1953) a PemdUium colony, with a 
diameter of 2 5 cm , can develop 4 X 10® conidia, an ear of corn infected 
by Tilletia caries can contain 1.2 X 10' blight spores; the fungus Daldinia 
concentrica can eject more than 10^ spores a day. Gigantic numbers of 
spores indeed are needed for dispersal. 

IV. Landing 

Duration and range of flight of spores are known from the theory of 
agent flight. Therefore we know whcri and where they land. The dis- 
cussion was based upon the “statistical mass” of spores and dealt with the 
center of gravity of the spore cloud. To close the cycle of dispersal, only 
the velocity with which the spore cloud as a whole gets to the ground 
can be discussed from the statistical point of view. But the question as 
to how the single spore lands from the turbulent air is not answered. 
However, flight and landing are the decisive components for dispersal. 
Tlicrcfore we shall now consider the problem of deposit. 

A. The Problem of Deposit 

In tho following discussion the term “deposit” is used in the broadest 
sense. It encompasses the deposition on surfaces of spores during trans- 
port through the air, whether the surfaces are horizontally or vertically 
oriented, and whether or not the deposition is induced by external 
circumstances. Tlic processes of deposition cannot be studied adequately 
under natural conditions, i.e., outdoors. Moreover, in our considerations, 
ihc transition has to bo made from the total mass of spores to the 
hcha\nor of individuals or groups of individuals. 

Tile \\holc complex problem of deposition in phytopathology has 
hcrclofore l>ccn neglected. A fexv studies have been concerned with the 
visible result of deposit processes ratlicr than the deposit process itself. 
Yarxvood and Hazen (1912) made studies on how the conidia of 
7.n/sfphc pmrnffiit arc oriented during deposition, and thus touched on 
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an important question Gregory (1951, 1952) concerned himself with 
deposition in a more extensive way and made valuable experimental 
observations on exactly defined surfaces 

Generally speaking, the very same forces that are responsible for the 
transportation of the propagules through air are also decisive for deposi- 
tion of spores Deposition is but a part of the transfer process It is the 
transfer of particles from the air to surfaces Up to now we have observed 
only the transfer of particles from the surfaces m and through the air 
Important forces for deposition are gravitation and fall velocity, under 
whose influence the spores sediment slowly Another effective force 
develops from the horizontal air movement, resulting in the deposition of 
spores at perpendicular surfaces during their movement in the general 
current This process of impaction can deposit spores somewhat forcibly 
Turbulence is also an effective force in deposition Deposition occurs on 
the upper side of plant organs and on their lower side as well, as a 
result of motion of particles directed vertically upward as well as down- 
ward Deposition is also expedited by washing out tlirough precipitation 
The following section will consider these processes m more detail 

B The Terminal Velocity 

In Section II we considered the motion of tlie spore cloud and 
interpreted the definitions of probable flight line, flight range, flight 
altitude, and flight duration tint were introduced by Rombakis (1947) 
Since the ‘where” and “when” have been treated within the motion 
complex, we can readily clarify the problem of terminal velocity To this 
end, the data by Rombakxs (1947) are again liclpful B> referring to the 
derivations given in Section II wc can readily obtain a precise definition 
for end velocity The ‘probable end lelocify” is the end \cloat} of the 
“center of gravity” of the spore cloud 

Turning again to some equations from Section II '\c ha\c equation 
(32), from \\hich wc obtained the equation of probable flight hnc 

2 = 0 4709 V-i"/ - cl (32) 

and obtained the equation of the maximum probable fliglit altitude, uitli 
the help of equation (32), from the condition 

— = 0 1709 -v/fS — - c = 0 (41) 

(U 2 v< 

Tins equation sa>s mereU that the xcrlical components of at llic 

highest ixnnt of the flight line arc equal to zero 

If ue ask about the end leJocitx. nith which the spore cloud arrives 
at the ground during the landing process wc naturalK refir to a verli 
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cally directed component of velocity. Thus, starting from equation (44), 
we have only to ask about the velocity dz/dt at the end of the time of 
flight, that is, the time t = t. The flight duration, t, is given by 


follows, from which 


T = 0.91 4 
fir 

(51) 

equation 


4/1 

T = (0.4769)’ 

(60) 

[) at the time t = t we get 


), = 0 4709 V45^--c. 

(08) 

d (68) equation 


0 ^’80 X 0 4760 V45-‘= 

(GO) 

(dz\ 1 

\<«/r 2' 

(70) 


results. This is the ‘‘probable end velocity.” Thus the spores fall to the 
ground with a velocity that is independent of all transfer forces except 
gravitation and is just half as great as the fall velocity due to gravita- 
tion in calm air. Since this fall velocity is generally very small, especially 
as compared with the horizontal wind velocity, we must establish that 
the landing of the spore cloud is nothing but a slow sedimentation 
under the influence of gravitation, independent of turbulence and hori- 
zontal wind velocity. 


C. Scdimcnffl/i'on and Impaction 

The conclusion that the landing of a statistical mass of spores occurs 
by sedimentation cannot be applied to the individual spore, except in 
calm or laminally streaming air, when all vertically acting forces are 
e iminated. On clear nights free of wind, when the air near the ground 
has cooled do^vn by radiation, the laminar or "quasilaminar” layer can 
rise up to a few meters. Under these conditions the air soon becomes 
tree of spores through sedimentation, as Tyndall (1881) has shown. In 
tree air, where vertically oriented forces of turbulence influence the 
spores again and again, sedimentation cannot play a very great role as 
a factor in landing. ^ ^ 
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Normally during the day the laminar layer exists only as a boundary 
layer directly at the surfaces where at the most it gains a few milli- 
meters in thickness. Since the boundary between the laminar surface lay- 
er and the turbulent air current is not constant, spore-containing whirls 
can penetrate into the laminar layer, as described by Gregory (1952), 
and leave behind small volumes of air containing spores in an inter- 
change with air free of spores. Spores thus brought into the laminar layer 
settle then under the influence of gravitation and deposit before new 
whirls from the turbulent layer can reach them and take them away. In 
this case forces other than sedimentation play a primary role. 

When the wind brings to the surface of the plant a volume of air 
containing a certain quantity of spores, the number of spores deposited 
is difficult to determine. We must first observe the processes on geo- 
metrically simple, exactly defined surfaces Wind tunnel experiments as 
carried out by Gregory (1951) seem to be especially adapted for this 

Under different wind velocities Gregory (1951) examined the deposi- 
tion of spores of Lycopodium clavatum on cylinders with diameters 
ranging from 0 018 to 2 0 cm. Deposition increases with increasing wind 
velocity and ivith decreasing cylinder diameter. The effect results mainly 
from "impaction,” a principle described by Sell (1931) for liquid drops 
If an object (cylinder, plate, etc.) is set in the path of a spore moving 
with an air current, the spore moves by its own inertia a bit farther 
toward the object even when the air has already avoided the obstacle. 
The length of this "course of inertia” determines whether the particle 
hits the obstacle and is deposited on it, or whether it is deflected around 
it without deposition. The length of this course of inertia depends on 
the size of the particle, the velocity of the current, and the form and 
size of the object placed in the course of flight. These factors at the 
same time determine to what degree an object is suited for spore deposit. 
From aerodynamic observations Sell (1931) shows that in the case of cyl- 
inders the impaction efficiency is determined by the dimension-free size 


whereby o, means fall velocity of the particles in calm air, Vg the current 
velocity, r the radius of the c>dindcr, and g the gravitation acceleration 
The connection between size k and impaction efficiency E was deter- 
mined empirically by Sell (1931). Glauert (1946), who considered a 
similar problem, determined a coefficient that is practically identical 
witli the one by Sell (1931). Tlie -values of impaction efficiency observed 
experimentally by Gregor>’ (1951) in the wind tunnel arc lower than 
would be predicted hy the equations of Sell (1931) and Glauert (1910). 
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But the values correspond well to those by Langmuir and Blodgett 
(1949) In their theoretical treatment of the problem, a set of curves 
IS established for the relation between E and k, which is given from 
the dimension-free size 



m which R represents ‘Reynolds number,” already described in equa- 
tion (11) For values = 10 to ^ = 10* the values of impaction effi- 
ciency determined experimentally by Gregory (1951) fall within the 
range of these curves (except for a few extreme values oi k) 

Deposition by impaction, which results from the translation energy of 
the particles headed up by the wind, plays the greatest role in the land- 
ing of single spores Gregory (1950, 1951) showed that the effect is 
small when small spores approach large obstacles in the presence of 
small wind velocities Large spores, on the contrary, are predestined 
for deposition by impaction, especially on small obstacles at high wind 
velocity Many leaf disease causing agents dispersed by wind have 
relatively large spores {Phytophthora, Helmtnthosportum, etc ) while 
species that inhabit the ground (Penictffium, Aspergillus) are mostly 
characterized by small spores which are not suited for deposition by 
impaction 

A high impaction efficiency is nilurally unsuited to the dispersal of 
a disease within a dense plant population According to Johnstone et at 
(1949), the capacity of a particle to penetrate into a closed vegetation 
covering is inversely proportional to the impaction efficiency of vegeta 
tion, since a high degree of efficiency greatly limits the mobility of spores 
According to Gregory (1952) a spore size of lO/x, the most frequent 
dnmeter of spores dispersed by wind (e g , of many ascospores and basi- 
diosporcs), represents a good compromise between the originally op- 
posed requirements for dispersal and deposition The large spored leaf 
and stem parasites are quite correctly labeled by Gregory (1952) as 
“impactors, while the small spored ones seem to be special “penelrators” 
tint are deposited rather by sedimentation 

Tlie usinl ^crtlcal stichy deposits, used m routine catching of spores 
and pollens, Invc only a very small impaction efficiency ( Gregory, 1951 ) 
Tlic results so obtained, therefore, offer an incomplete picture of dis- 
persal of pathogens Tins accounts for the frequent divergence of data 
on dispersal and for the discrepancies hctucen theory and observation 
According to Gregor) (1952) "turbulent deposit” is another factor 
in the laiulmg of smglc spores Tins effect uas noted by Durham (1914) 
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while catching pollen, and he found that the deposit on horizontal sur 
faces IS greater (as would happen from sedimentation) but that a 
deposit also occurs at the lower side of horizontal surfaces, an effect 
that cannot be explamed by sedimentation Turbulence transports the 
spores not only from above to below but also from below to above Under 
these forces a deposition occurs on the lower side of surfaces The turbu 
lent deposit is but a deposit through impaction, at which the particles 
gam their kinetic energy from the vertical rather than from the horizontal 
component of the turbulent current Consequently, only two effects are 
generally important for the landing of a single spore sedunentation 
under the influence of gravitation and impaction under the influence of 
the movement of the current 

The combined effect of these processes leads to a decrease in spore 
content of the air At least in large spores in dry weather there is seldom 
a consistent increase of spore content in the air Gregory (1952) con 
eluded that the daily spore ejection of larger spores is in equilibrium 
with the daily deposit Meetham (1950) obtained a similar result for 
smoke impurities in the air, so that the above conclusion seems com 
pletely justified With regard to the theory of agent flight it is question 
able, however, whether the assumption of a daily equilibrium between 
expulsion and deposit can be justified in small (ot in the smallest) spores 

D The Humtdtttj and Trecipitation Effect 

In the theoretical discussion we did not take into consideration that 
through the influence of external events, a "forcible limitation of spore 
dispersal is possible We supposed the falling velocity of particles to be 
a constant process In connection with the problem of deposit we are 
now concemeef with ihe prohfem of wAjf the conso^uatc&s sfG ivhen 
these assumptions are not fulfilled Let us, for instance, observe the fall 
velocity clearly it actually cannot be constant A spore that gradually 
dries out during flight becomes lighter, a spore that swells m humid air 
becomes heavier In condensation the accumulation of ^\ate^ by the trans 
ferred particles makes them heavier, and m that way, too, their fall 
velocity changes quite considerably under certain conditions Since the 
fall velocity, on the other hand, exerts a great influence on dispersal, the 
humidity of air tends to limit the tlieoretically possible dispersal and 
result in premature deposit Thus the usual simple methods of bacterio- 
logical air studies (exposing of agar plates) produce different results de- 
pending on the relative humidity of air (Uhhg, 1953) Increasing air 
humidity results m a decrease in spore concentration According to 
Silhavy (1954) the numbers of germs arc gcncrallv low (= strong de- 
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posit) at a low temperature with high air humidity; at a high temper- 
ature with small relative air humidity, on the other hand, they arc 

generally high (= scanty deposit). ^ j i • 

It is not easy to find a connection between spore deposit and relative 
air humidity, since the number of spores caught depends on other 
factors as well. In his studies of the epidemiology of Phytophthora, 
Raeuber (1957) found a correlation of r = -f 0 54 between the number 
of spores trapped and the relative humidity. We must assume, accordingly, 
that the relative air humidity plays an important role in the process of 
deposition and for the total complex of dispersal. Although studies about 
this in phytopathology are rare, the assumption seems justified since it 
corresponds to the results of aerosol research. Studies by Mcetham 
(1954) dealt with the deposit of smolce particles in the presence of fog- 
Little indeed is known about the mechanism of this type of deposition. 

The influence of rain on dispersal and deposit is better known. In 
single instances rain alone can transport a pathogen from one plant 
part to another (Muller-Stoll and Hartmann, 1950). Aside from this, rain 
means the end of spore dissemination. For small and very small spores 
that can barely be deposited through other processes, washout of spores 
by rain represents one of the few possibilities to get to the ground again 
after a short period of time In spore-trapping experiments Rack (1957) 
showed that the relative spore density (number per surface unit) in- 
creases with the increasing total precipitation. The duration of precipita- 
tion is also decisively significant for the decrease of particle content in 
the air, as Raynton (1956) could establish. The rapid filtration of radio- 
active aerosol particles from the atmosphere by precipitation was de- 
scribed by Mugge and Jakobi (1955), while Herman and Gorham (1957) 
came to the conclusion from studies of mineral constituents in snow and 
rain that more substances are washed out of the atmosphere with rain 
than with snow. 

The mechanism of spore washout by rain is closely dependent on 
raindrop size Raindrops have a diameter up to 5—6 mm According to 
Best (1950) their fall velocity lies between 2 and 9 meters per second. 
The problem of rain washing of particles from the air was studied by 
Langmuir (1948), whose theory of collection of particles by raindrops is 
restricted primarily to sphere-shaped particles. On the basis of this, 
Greenfield (1957) treated the washout of radioactive particles from the 
atmosphere and showed that the exchange effectiveness between rain- 
drops and particles depends on the particle size The number of particles 
washed out is a function of the quantity and duraUon of precipitation 
On the basis of Langmuirs (1948) theory Gregory (1952) concluded 
that small spores of Lycoperdon and the ground-inhabiting Renicillia 
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cannot be collected by drops witli a diameter under 1 mm. In drops witli 
a 2 mm. diameter the effectiveness of collection increases to a maximum 
of 15% but decreases again \vith larger drops. For basidiospores of 
Psalliota campestris the collection commences with a drop diameter of 
0.2 mm., achieves a maximum of 30% with a drop diameter of 2 mm., and 
decreases again with further increasing drop size. In TilJetia caries, in 
uredospores of Puccinia, and in conidia of Erysiphe graminis the collec- 
tion with all possible drop diameters is larger than zero and achieves 
a maximum of 80% with a drop diameter of 2 8 mm. The maximum col- 
lection is achieved with drop sizes of 2 mm. It is about 25% in small 
spores with a 4/t diameter and 80-90% in large spores (20-30/i diameter). 

Whether any other factors influence the strength of rain washout of 
spores is not known. The effect of wettability on washout is unknown, 
for example. Gregory (1952) notes that spores of Ustilago perennans 
are moistened by water only with difficulty but are very easily collected 
by rain. When they have reached the ground, they remain, as Burges 
(1950) showed, in the upper ground layers like other unmoistened spores, 
and they are not washed Into the ground. 

The influence of ^vashoat by rain on the deposition of spores can be 
shown by an example given by Gregory (1952): 2 mm. rain elicited a 
deposition of spores of Ustilago about 200 times as great in 2 hours as 
would othenvise be deposited during a whole day on equal surfaces ex- 
posed to wind but protected from rain. 

The rain washout means an abrupt end to their dispersal for the 
majority of pathogens. It strongly restricts the dispersal under certain 
conditions, especially for leaf and stem pathogens; tlie ground-inhabiting 
organisms, on the other hand, have very small spores and but a small 
chance of reluming to the ground in a short time in the absence of 
precipitation. For them washout by rain is presumably the normal way 
of landing. 

V. Vaiuous Problems 

Tlie circle of questions that are connected with flight and landing of 
agents is now closed. Certain problems remain that seem important. 

A. Particle Stir^Up from the Ground Surface 

In the treatment of spore concentration of the atmosphere we as- 
sumed that spores arise from a point source, that llic spore oj'cction 
is continuous and tlie fall velocity' negligible. This picture is somewhat 
incomplete even if it leads to a salisfactor>' theoretical interpretation of 
tlic processes. Under certain ctmd/tions fnoetihim accumulates in dust 
consisting of vcr>' fine p.irticles of plant residues that are whtrlc<l hy the 
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wind into the air. Once it gels into the air, this material can be considered 
a part of atmospheric dust. Just as it does with dust the wind will also 
stir up and transport rust spores from an infected field. How does the 
spore concentration of the air cliange in such a case? Clearly file con- 
centration must increase from the leeward side to the windward side of 
such a field, since new spores always are added to those that were first 
stirred up and carried on. It is clear also that this increase in con- 
centration can last only as long as the field is traversed by air currents, 
and then a concentration decrease should follow, corresponding to the 
theory already presented on horizontal concentration change. However, 
it IS also evident that the concentration cannot increase in an unlimited 
manner even when the spore "activity" is ever so large, because after a 
certain time a type of equilibrium will be reached. Fortak {1957a) 
treated this problem in a theory of dust transfer over a dust-active earth 
surface Since his results are pertinent to the problem of spore dispersal, 
we will discuss the applicable aspects here. 

If a wind is blowing with velocity u in the positive direction of the 
x-axis, the fall velocity of a certain particle is s, the exchange coefficient is 
(measured in cm.^/sec.) and the number of particles in volume unit is 
CT, then the differential equation of the vertical mass exchange is 


d<T , j, d<r d<r _ OV 

a( ax ^ dz~ ’’ a/ 


(73) 


[Compare this with equation (24) in Section II.] For various conditions 
Fortak (1957a) gave solutions of this differential equation that are 
significant for the theory of dissemination m the stirring up from ground 
or plant surface Since only particles having a certain fall velocity with 
constant wind and constant mass exchange are observed under these 
conditions, we wish to know dieir concentration. 

For simplification Fortak (1957a) introduced new, independent vari- 
ables such as T = sHMtj, X = and Z = sz/2t/. whose connection 

with equations (51), (43), and (47) is readily evident in Section II. 
Equation (73) is simplified with these normal variables to 


d<r . da da _ d^a 

dT'^ dX ■" 


(74) 


On the basis of this solution the particle transfer for each particular case 
can be described. This is true not only under the above mentioned con- 
centration increase until a sedimentation equilibrium is obtained, but 
also throughout the entire process of particle filtration, e.c , by forest or 
hedgerows. 

How the course of spore concentration lakes shape on the ground 
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wlien tlie wind blows over a "spore active” strip, such as a rust-infected 
com field, and how it carries along stirred-up spores over an adjoining 
noninfected area can be treated theoretically. 

According to Fortak (1957a) for the special case when x <d, d being 
the width of the infected strip, the solution is 

(75) 

an equation that describes the change of spore concentration m the direc- 
tion of the wind over the infected strip For all x ^ d, or with the above 
normal variables written X ^ ^d/4r)V = D, thus for the area beyond the 
infected strip in the direction of the wind, the result is 

Q 

^ ~ ~s ( 76 ) 

and for the spore concentration at the surface of the previously spore- 
free area, we have, when Z = 0, 

c = J I4t^ eric - 4t^ evic Vx] (77) 

in which functions of the type erfc x or lerfc x are known functions from 
the theory of heat conduction The factor C represents a measure for 
the dimension of spore stir-up or spore filtration. 



Fig is Change of relative spore oonceiUration a in wind direction over a 
"spore active" strip of width D=s^d/4nU = 05 and over an adjoining, originally 
spore-free area (X > 0) 

Figure 13 represents the solution of equations (75) and (77) for a 
certain width of the infected strip. Since the normal variables ^^cre 
again used here, this figure represents regularity in a general form For 
individual conditions of wind and turbulence and for a given spore 
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shape or sedimentation type, the diange in concentration can be ob- 
tained. It is only necessary to transfer the normal variables X and D into 
the actual distance coordinates x and d. Thus, for instance, m a strip 
with a width of 240 meters and under normal conditions »£ 
turbulence, the relative spore concentration near the ground will take 
the course shown in Fig. 14, namely, according to curve a with a fa 
velocity of spores of 1 cm /sec. and according to curve b with a fait 
velocity of 0.45 cm./sec. In small (lighter) spores the sedimentation 
equilibrium is achieved later, so that at the end of the strip the relative 





Fic 14 Change of relative spore concentration o in wind direction over a 
“spore active” strip of width d = 240m over an adjoining, originally spore*free area 
With vanous fall velocities (a = 1 cm /sec , =: 0 45 cm /sec ) demonstrated with 

real distance co-ordinates for normal external circumstances 

concentration is smaller than the case of larger (heavier) spores. On 
the other hand, the relative concentration decreases more slowly than 
the distance from a '‘spore-active’' strip. Thus, almost "belimd the strip 
the concentration is higher than for larger spores, and a relative con- 
centration of 10% is achieved only at a distance 50% greater from the strip. 
If a relative concentration of 10% is considered as the lower limiting 
value tor danger of infection, the decrease of fall velocity to about half 
would increase the danger of infection by 50%. It is shown here too how 
great is the significance of fall velocity for the dispersal of pathogens. 

If we consider that the starting concentration of small spores amounts 
to many times more than that of large spores, then the differences become 
even clearer. If, for example, according to conditions underlying Fig. 14 
the initial concentration of small spores is Uvice that of the large ones, 
the number of small spores per volume unit at a 250 meters distance 
from the spore-active strip would be three times as great as that of 
largo spores; in case of increase in initial concentration by a tenth 
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power, it would be sixteen times as high as that of large spores. In 
addition to wind and turbulence conditions, the initial concentration and 
the fall velocity establish either the size of the area in which there is 
a given danger of infection or the magnitude of the danger of infection 
within a certain area. 

B. Effect of Filtration of Obstacles (Wind Shelter Strips) 

The theory of Fortak (1957a) allows description of particle filtration 
by wind from strips. Bows of trees or hedges have been employed as 
protective screens in phytopathology. Thus, according to Klemm (1938) 
attempts were made in Rumania to prevent the dispersal of corn rust by 
installation of wind shelter strips that would hinder the transfer of spores. 
Ruggieri (1948) hoped that the dispersal of “mal secco" of citrus trees 
could be limited with wind shelter strips. On the basis of his own studies, 
as well as similar projects m the Soviet Union extensively reported by 
Grebens6ikov (1951), Schrodter (1952a, b) pointed out the uncertainty 
of the outcome of such attempts 

By assuming that the particle absorption started much before the 
wind defense strips were encountered Fortak (1957a) finds the solution 
for particle density on the ground withm such a strip to be 

,r = i !(C, + erfc VX - CJ (78) 

and for the particle density on the ground behind the wind shelter strip 
(at the leeward side of the strip) to be 

^ = i [(C, + C,)4 j’ crfc VX - orfc VJf - B] (79) 

Cl is a measure for the particle stir-up, Cs, on the other hand, a measure 
for filtration, while the normal variable B = s-b/ArjU contains the real 
width b of the wind shelter strip. Hence, the course of the particle con- 
centration on the ground shown in Fig 15 follows for a given strip 
width B with diverse filter effectiveness C 2 Comparison with concentra- 
tion change outside of the wind shelter strip— and uninfluenced by it 
(dotted curve in Fig 15) — ^shows clearly how quickly the concentra- 
tion decreases within the wind shelter. However, the repeated increase 
of concentration directly behind the defense strip is especially interesting 
This increase is observed also in practice, as shown by Schrodter’s 
(1952a) spore traps and by Illners (1957) observations about tlie ques- 
tion of wind shelter and weed dispersal. Both studies show that the 
usual shelter strips are scarcely suited to Jiinder the dispersal of spores 
or weed seeds. 
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The question is naturally asked how wide a wind shelter strip has to 
be i£ the total content of particles with sedimentation constant s is filtered 


e% 



Fig 15, Change oE relative spore concentration on the ground m and behind 

wind shelter strips oE width B and different filter effect Cg (os Cg = 05*Ci, 

b Cg = 0 8 * Cj, - -- outside oE the wind shelter). 

out Based on the theory by Fortak (1957a) width B' of the “total” filtra- 
tion can be found with the help of equation (78)» which can be written 
under these conditions as 

0 = (Cl + C2)4t* erfc - Cj (80) 

Solved according to B' the result is then the searched-for width of the 

wind defense strip to 

= (81) 

Since B or B' are normal variables, known to have been introduced to 
mahe the description independent of the wind and turbulence conditions, 
we have to tahe into consideration that the real strip width b necessary 
for complete filtration can be completely different, depending on external 
circumstances. 

Thus, theory shows that the installation of wind shelter strips to 
avoid spore transfers is completely problematical, which explains the 
various failures of such attempts. Future studies about the question of 
wind shelter and spore dispersal will have to pay more attention to the 
physical side of the problem. For this, a foundation is the theory of dust 
transfer by Fortak (1957a) in its application to the questions of dispersal 
of disease-producing agents. 
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C. Spores in Upper Air 

The presence of spores in higher atmospheric strata was noted in con- 
nection with the problem of epidemiology of corn rust. From the experi- 
mental point of view Stakman et al. (1923) were the first to prove that 
the forces of turbulence and convection are capable of transporting even 
the relatively large uredospores of rusts to great altitudes of the atmos- 
phere. Numerous similar studies confirmed this (Dillon Weston, 1929, 
Craigie, 1945; Kelly et al, 1951 ) . That only very few spores are caught at 
these altitudes is insignificant The fact that spores can be transported to 
these altitudes at all is quite important from an epidemiological point of 
view. 

In general, at 4000-5000 meters altitude with a time of exposure of 
5-15 minutes, a result of 2-3 spores per cm.^ can be expected. The con- 
tinental "steam cap" reaches nearly up to this altitude, as the studies by 
Junge (1951) about vertical distribution of aerosols over Europe show, 
in normal exchange and in undisturbed weather This does not mean 
that no spores can be found at greater altitudes The ascent of the Amer- 
ican stratosphere balloon "Explorer 11” proved, according to the report 
by Hogers and Meier (1936), that even in the stratosphere above 11,000 
meters some spores are still found. Generally, the distribution of spores 
is limited to the ground stratum of the troposphere, as Niemann (1955) 
established in a review about the organic matter of the naturai aerosoi 

Proctor (1934) and Proctor and Parker (1938) suspected that the 
stratification in the vertical distribution of microorganisms is connected 
with the vertical build-up of air bodies Reifferscheid (1952) also points 
to the fact that the changing bacterial content of the air obviously is 
connected with the source area and the biography of air masses, and 
Kelly and Pady (1954) came to the same conclusion 

All these statements can be understood from the theoretical point of 
view As far as the flight altitude is concerned, we only have to refer to 
the explanations in Section II. As Table V showed, a flight altitude of 
more than 5000 meters lies completely within the possible range. One has 
to consider that only the “maximum probable flight height” is concerned 
here and that according to the deflnition, spores can also be found with 
equal probability above this point. The flight altitude depends not only 
on turbulence conditions but also on fall velocity. Hence, very small 
spores could theoretically achieve a maximum flight altitude of 15,750 
meters according to values calculated by Schrodter (1954) in a mass 

exchange of 50 gra./cm. sec. • i-i 

We therefore have to establish tliat the presence of spores m higlicr 
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atmospheric strata is not unusual but is to bo expected from the theory 
of agent transfer. 

D. Intercontinental Dispersal Through the Air 
The presence of spores in the high atmosphere is in itself of small 
interest from a phytopathological point of view. Its significance lies in the 
fact that it leads to a consideration of whether an intercontinental dis- 
persal of pathogens is possible with ait current. Ingold (1953), for in- 
stance, asks whether spores can be transferred from America to Europe 
or vice versa If we want to consider the problem of intercontinental 
dispersal theoretically, then we must exclude the question of viability. 
Whether transfer of spores is possible from one continent to another 
can be answered in the affirmative, and then even a water surface such 
as the Atlantic Ocean does not represent an obstacle. 

Flight ranges of more than 10,000 km are quite conceivable ( compare 
with Table II). This is not a purely theoretical result. Mugge and 
Jakobi (1955) point to the fact that for a broad dispersal of aerosols the 
so-called *']et-stream” is decisive: a strong west current with which at an 
altitude of 8-10 km , velocities of 200-400 km /hour are reached By this 
“)et-stream,” aerosol particles can he transferred in a very short time over 
very great distances, since through the meandering of this current, rapid 
transfers into a north-south direction can occur. These and similar cur- 
rents arc probably able to transport spores and pollens (that according 
to tlieory and experience are present at these altitudes ) over very large 
distances, even from continent to continent. This assumption is corrobo- 
rated by various studies and observations The work of Junge (1951) 
shows, for instance, that aerosols of extra-European origin occur above 
the so-called continental moisture cap. Craigie (1945) could make be- 
lievable the fact that uredospores of rust, found at various points in 
Canada, must have originated from somces lying very far sojith, because 
at the time of trapping these spores, the most northern limit of the area 
with rust infection was found about 500 miles south of Canadian trapping 
places. Bergeron (1944) reported about a probable wind transfer of 
spores and pollens from the area of the lower Yenisey up to southwest 
Finland. That the ocean does not represent an obstacle can be seen from 
the fact that according to Niemann (1955) pollen precipitation can be 
found far up over the ocean. Naturally, spores that have to traverse the 
ocean can be found only in the highest air strata above it. Spore trappings 
from the ship’s mast, as carried out by Zobell (1942), indicated that the 
air over the ocean became free of fungal spores. Such results arc only 
evidence of limited strcngtli. Pady (1954) can, on the basis of two trans- 
atlantic flights, show a completely different result, which confirms an 
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intercontinental transportation Accordingly, air masses of polar origm 
above the ocean can contain about 4 fungal spores per cubic foot, while 
m air masses of tropical ongm, even about 15 fungal spores per cubic 
foot were found 

All these observations prove that the supposition is justified, not only 
from this theory, but also from practical experience, that through air 
currents an intercontmental transfer of spores, even above the ocean, is 
absolutely possible and probable Whether tins knowledge has a greater 
practical significance seems doubtful Even if the propagules retained 
their viability over such a long period of time, many other conditions 
would still have to be fulfilled before the intercontmental transfer of 
spores becomes significant Through the widening of world trade with 
plant and plant products man himself has obviously become a major 
factor in the intercontmental dispersal of plant disease, more effective at 
any rate than the intercontinental transfer of disease producmg agents 
through air currents could ever be This knowledge m no way lessens 
the great significance that wind and turbulence have for dispersal This 
Significance does not he m the theoretically given possibility of over 
coming very great distances, but rather m the fact that these factors 
also determine decisively the dispersal in a limited area The knowledge 
of the basic prmciples of agent dispersal, as they have been demon 
strated here, is undoubtedly an important contribution to the under 
standing of those processes that lead to an occurrence of illness It 
herewith establishes the most important foundations of epidemiology 
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1. Introduction 
A. Aim of the Chapter 

This chapter is analytical rather than descriptive. In conformity with 
the basic purpose of this treatise the chapter aims at an understanding of 
the factors and processes that go to make an epidemic, and not at a 
description of important epidemics, past or present. 

B, Some Common Misconceptions 
It is stated in the literature that for an epidemic to occur there must 
be an aggressive parasite that multiplies fast, spreads far and swiftly, and 
is not particularly selective in its requirements. These are total miscon- 
ceptions. They are the cause of much confused thinking and must be 
disposed of forthwith. 

Consider swollen shoot of cacao, a systemic virus disease in West 
Africa, as an example. The virus complex is carried by slow-moving 
flightless mealy bugs of the family Pseudococcidae, and spreads largely 
from tree to tree in contact (Posnette, 1953). It is delicate, and survives 
for less than an hour in the feeding vectors (Posnette, 1953), The num- 
ber of infected trees on a farm multiplies slowly; under conditions of 
unrestricted natural spread it took 30 months for the percentage of 
infected trees to increase from 31 to 75 (Anonymous, 1949). The spread 
of infection from farm to farm is also slow. In 1947 the largest area of 
disease in West Africa had reached a radius of only some 10 miles after 
having spread continuously since 1922 (Posnette, 1947). Yet there can 
be no doubt that swollen shoot is a major epidemic. The virus complex 
is endemic in West African indigenous trees of the Sterculiaceae and 
Bomhacaceae. As a sporadic disease, cacao swollen shoot has a long 
history in West Africa (Posnette, 1953). But some 30 years ago the 
epidemic began, with the merging of separate but expanding, more or 
less circular outbreaks, into larger amorphous fireas of dead and dying 
trees, wliich spread ever more rapidly and devastated whole farms in 
their spread (Posnette, 1953). The disease has caused political up- 
heavals, and the cacao industry from the western Ivory Coast to central 
Nigeria has needed drastic measures to save it. 
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Another example is oak wilt, caused by the fungus Ceratocystis 
fagacearum. The current epidemic of this disease in the United States 
was rated suflScfently high to get an entire chapter to itself in the limited 
space of “Plant Diseases,” the United States Department of Agricultures 
Yearbook for 1953. Yet the parasite has very limited means of spread. It 
can spread over a distance by some means that are not yet properly 
understood, but the main ^read is from tree to tree. Infection takes 
place through root grafts, and local barriers such as roads are sometimes 
enough to stop it (Hiker, 1951). 

An extreme example is psorosis, a virus disease of citrus. No vector is 
known. The virus can spread from tree to tree by root grafts, but the 
natural spread is so slow that it is extremely difficult to demonstrate in 
orchards. Yet psorosis is currently the greatest killer of citrus trees in 
California (Moore et at, 1957). Psorosis epidemics, it seems, may take 
half a century or more to develop. 

C. Epidemics as a Matter of Balance between Opposing Processes 

The human population of a counhy can increase as a result of a high 
birth rate; it can also increase as the result of a low death rate. It will 
increase with a low birth rate provided that the death rate is even lower 
As with men, so it is with plant pathogens Disease can increase to 
epidemic levels because (to consider only the extremes) the pathogen 
has a high birth rate or because it has a low death rate. The miscon- 
ceptions we have just discussed have arisen because attention has been 
focused on high birth rate epidemics. But low death rate epidemics are 
also important, particularly with perennial hosts. 

High birth rate epidemics are usually caused by fungi which develop 
uredospores, conidia, oidia, and the like, and produce local lesions in the 
host. Low death rate epidemics are caused largely but not entirely by 
systemic pathogens. The explanation is often fairly obvious. The systemic 
pathogen is safe within the host, and if the host is perennial and the 
disease not immediately lethal, a long Ufe of the infected host guarantees 
a long life to the systemic pathogen. With pathogens as well as with men 
longevity means a low death rate. The terms are practically equivalent. 

The line behveen the two types of epidemic is often somewhat 
blurred but at the extremes the distinction behveen them is clear and 
has interesting consequences. High birth rate epidemics are usually con- 
trolled by fungicides or resistant varieties; low death rale epidemics arc 
mainly controlled by means of sanitation. High birth rate epidemics 
usually spread fast; low death rate epidemics usually spread slowly. 

These and other consequences will unfold themselves logically as ue 
proceed But the terms high birth rate epidemics and low death rate 
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epidemics have been used purely fo illustrate a point and now will be 
dropped in favor of more conventional expressions. 

II. The Multiplication or Infections 
A. Mtiltiplicaftorv toU/im a Crop 
1. The Course of an Epidemic 

There is no such thing as a typical epidemic. The variety of epidemics 
in plant pathology is infinite. To mention just two factors, the epidemic 
vanes with the amount of inoculum that is the source of the infection, 
and this ranges with the different diseases from scarce to abundant, it 
varies with the rate at which the infections multiply, and this ranges 
from very slow to very fast. Because of this variety, one example is as 
good as another. Blight of potatoes, caused by Phytophthora infestans^ 
is chosen here as an example because of its place in the history of plant 
pathology. But even for this one disease the example we have chosen for 
illustration is not typical of all epidemics. It is based on data from 
western Europe. If blight in North America bad been the example, stress 
would have been laid on the danger of epidemics starting from piles of 
culled potatoes and garbage dumps near towns. 

Figure 1 is based on data taken from a probit foliage decay line 
given by Large (1945) for an epidemic of blight on potatoes in England. 
Observations were started on August 11, when 0 1% of the foliage was 
infected This is equivalent to an average of about 1 lesion per plant. The 
epidemic progressed for about 4 weeks, after which all the foliage had 
been destroyed by blight. The curve that shows this in Fig. 1 is sigmoid. 
The figure also shows the rate of increase of infection per cent per day. 
Tlie rale for this epidemic began at about 48%, when observations were 
started on August 11, and gradually dropped to zero as the epidemic ran 
its course. 

In the Netherlands the early history of a potato blight epidemic was 
studied by van der Zaag (19^), We assume that the results hold for 
England too. Van der Zaag found that the most important primary foci 
of infection were infected plants growing from infected seed. These 
plants had a few weak, shriveled shoots with a few lesions from which 
spores were released during the second half of May. Tliey were most 
abundant in the very susceptible variety, Duke of York, in which about 
1 primary focus per square kilometer was found. Infection spread first 
around tlicsc foci, then generally over the fields, and from field to field 
.and from variety to variety. Our concern here is not with the progress 
In any particular field but w’ilh the epidemic generally. 
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These findings show how madequite a picture Fig 1 gives of an 
epidemic There are 3,000,000 or 4,000,000 plants in 1 sq km of potatoes, 
so that there are (in round figures) 3000 000 or 4,000,000 lesions per 
square kilometer of potatoes when 0 1% of the foliage is infected Still in 
round figures, infection had to multiply 1,000 000 times from the original 
foci before the level of 0 1% was reached on August 11 Figure 1 describes 
the one thousandfold increase (from 01 to 100%) that occurred after 




Fig 1 Lower half 
potatoes (Data of Large 
expressed as a percentage 


rhe progress of an epidemic of blight (P mfcstans) m 
1945 ) Upper half The increase of infection per day 
of the infection already present 


August 11. -<1 'f 

tfg th^t st.. altef ^us -venfet.. 

ColsLr the matter from the -.rmers pomt of " 
important single characteristic o at all If the d itc 

decides when he must ^ V , josses are hLl> lo occur if the 

dis“S'Ts^lLheS’But"ff.t . Scptcmhcr-losses are 
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likely to be small (apart from tuber infection), and spraying would be a 
waste of material and effort There are of course some variations in detail 
(an epidemic may start early and then be checked by a change m the 
weather) but the general pattern is clear, as can be seen from the 
analyses of Moore (1943), Large (1952), Beaumont et al (1953), and 
Large et al (1954) The date of onset is determined by what happens 
before the onset, i e , by that portion of the epidemic not described m 
Fig 1 

Infection mcreased one-milhonfold between the second half of May 
and August 11, i e , in about 80 days This is equivalent to an average 
increase ‘at compound interest” at the rate of 17% per day But the rate 
would not have remamed at a steady average smce it is affected by 
changes m the weather Apart from that, the potato becomes more sus- 
cepbble as it becomes older (Grainger, 1956) One can therefore infer 
that the rate was considerably less than 17% at the start and increased to 
48% by August 11 

2 Rate of Multiplication before the Onset of the Epidemic 

For convenience we can define the onset of an epidemic as that time 
when not more than 5% of the susceptible tissue is infected, or, for 
systemic diseases, when not more than 5% of the plants are infected 
Withm this rough limit we can decide on any criterion we wish, for 
example, with potato blight m England and Wales the startmg point for 
the assessment of blight is 0 1% infection, and this level can conveniently 
be taken to indicate the onset 

Tlie rate of increase of disease has been taken as 


(lx 


= ^x(l — x) 


( 1 ) 


in which fc IS a constant and x is the proportion of susceptible tissue 
that IS mfected, or, for systemic diseases, the proportion of mfected 
plants The rale at which infecbon occurs is, accordmg to this equation, 
proportional to the product of the proportion of infected tissue and the 
proportion of healthy susceptible tissue, that is, to the proporUon of 
tissue tliat IS still available for infection Curves of this equation describ 
mg the progress of infection with time have the sigmoid shape so 
commonly found m plant pathology Large (1945) applied the equation 
to blight epidemics and concluded that it would give a good fit to actual 
blight progress curves withm the limits of accuracy of the original 
observations Neverthdcss the render is warned that after the onset a 
pod fit can come about only as a result of counterbalancing factors, 
hccmsc the inailntion penod (le. the pre reproduction period after 
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infection) inevitably fends to increase the value of k as the epidemic 
progresses beyond the onset. That is, after the onset, k is just an em- 
pirical constant even in a constant environment. We use equation 1 and 
sigmoid progress curves almost solely to provide a helpful introduction 
to the study of multiplication After the introduction the topic is treated 
in a way that will nearly obviate the need for considering disease 
progress curves beyond the onset. 

Infection is influenced by the ^veather, the susceptibility of the host, 
the virulence of the pathogen, etc. So equation 1 will be rewritten in 
the form 

dr 

^ = Kx(l - x)f(T,H,S . . ) (2) 

in which / ( T, ff, S . . . ) is a function of the temperature and humidity 
of the air, the susceptibility of the host, and so on 

Before the onset of an epidemic, x is small and, in the definition 
already given for the onset, less than 0 05. As a good approximation for 
the progress of infection up to the onset, the term {1 — x) can be 
dropped and equation 2 rewritten as 

~ = lxf{T,H,S . . ) (3) 

X dt 

= \Q(ilS{T,H,S . .) ( 4 ) 

By definition, r is the rate of increase per cent per day (or per year, if 
years are the units of time) up to the onset of the epidemic. Within the 
limits of the approximation just staled r is independent of the progress 
of the epidemic (up to the onset) and becomes a direct reflection of the 
environmental conditions, the susceptibility of the host, and so on. A 
qualification, normally of minor importance, will be discussed in Sec- 
tion II, A, 6. 

3 Some Comments about r 

One must become familiar with r. It is a fundamental and perhaps 
the most useful concept of epidemiology. It plays its part not only in 
multiplication rates, but also in the rate of spread of epidemics in dis- 
tance (Section IV, A and E), in the theory of forecasting (Section III, 

B), in sanitation (Section III, C), and directly or indirectly, in much else 
The impression may have been given that r is only an approximation 
That is incorrect. For convenience r is allowed to make its debut ap- 
proximately as the percentage rale of multiplication at or before the 
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onset of an epidemic, which is accurate enough for present^ purposes. 
But r is a concept capable of exact determination (as by equation 5) and 
applicable throughout the course of the epidemic. The reasons for using 
it mainly at or before the onset will appear later. 

In reporting the results of censuses, human birth rales, death rates, 
and rates of increase of population are given in terms of 1,000 of popula- 
tion It is not assumed that the rates are the same for all hours of the 
day, for all seasons of the year, or for all years of boom and depression, 
peace and war The crude rates are simply a convenient way of ex- 
pressing what is happening So too r can be regarded as a convenient way 
of reporting the results of censuses of infections before or at the onset. 
It IS not implied that r is constant from hour to hour or day to day. 
It just expresses the tempo of developments up to the onset in an 
uncomplicated way. But one condition is implied: fractions of a day 
or, if appropriate, a year must be avoided. When, for example, it is 
calculated in Section III, C that an epidemic would be delayed 3.7 days, 
this must be interpreted as “from 3 to 4 days.” 

In one way r has an advantage over crude census rates, which are 
subject to the inftuence of varying proportions of the population in the 
different age groups, particularly to a varying proportion of women of 
childbearing age Superficially, the same problem occurs with r. With 
potato blight, for example, it tabes from 4 to 6 days or longer after 
inoculation for spores to be produced But for most of this period there 
is no recognizable lesion, and spore formation begins soon after the 
lesions become visible in the field Up to the time of the onset of the 
epidemic relatively few of the lesions seen in the field are not of spore- 
beanng age, one could without great difficulty count as lesions only 
those of an age to produce spores The validity of using lesions of this 
sort for determining multiplication rales is examined in Section II, A, 6. 

The magnitude of r reflects the effect of temperature, humidity, rain- 
fall, wind, and other environmental factors on multiplication; it reflects 
among other factors the resistance or susceptibility of the host, the 
proportion of spores that germinate, the proportion of germinated spores 
that manage to enter the host and establish infection, the rate of in- 
crease in size of the lesion, the speed at which spores are produced and 
their number, the abundance of vectors and their mobility, efficiency, 
and distribution, and the size and number per acre of the host plants. 
It summarizes the equilibrium of the factors (except x itself) that affect 
the tempo of multiplication. Because of this, few of these factors will be 
specifically dealt with in tins chapter. There is, for example, no dis- 
cussion of the effect of weather and climate. This may seem strange in a 
chapter on epidemiology. But it is logical, a forecaster uses his 
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knowledge of the weather and other relevant factors to forecast an 
epidemic, lie is in fact forecasting a faster rate of multiplication To him 
the weather and other factors are important To us (for the puipose of 
this chapter) the rate of multiplication is important This statement 
carries no implication that the one approach is better than the other 
There are several possible approaches to the discussion of epidemics 
One chooses what one beheves to be the most apt for one’s purpose 

4 The estimation of r 

Substitute r/100 for kf (T,H,S ) in equation 2 integrate, change 
logarithms to the base 10, and rearrange thus 


230 - r,) 

<2 — <1 Xi(l — Xi) 


(5) 


Here Xi and a:- are the proportion of susceptible tissue infected (or for 
systemic diseases, the proportion of infected plants) at dates fi and t 2 
and ^2 — ti IS the interval m days (or years jf this is appropriate) be 
tween these dates 

For example, according to the data of Large (1945) blight in pota 
toes at Dartington in 1942 increased from 0 1 to 5 0% in 7 days Here 
Xi and X 2 are 0 001 and 0 05, respectively, and #2 — fi is 7 days From 
equation 5, r = 57^ per day 

In general, the use of equation 5 assumes that the lesions are 
randomly distributed In the particular case of potato blight there is the 
independent evidence of Gregory (1948) that this is so, but randomness 
IS not the rule There are often quick departures from randomness, 
especially when systemic diseases multiply, particularly the systemic 
diseases of trees There is a general rule about this the smaller the size 
of lesion, the higher the value of Xt that can be used without incurring 
a serious error from lack of randomness A systemicilly infected plant 
must be considered as a single lesion (Section IV. F) 

As another example, consider cauliflower mosaic It spreads in non 
random fashion to form nests of infected plants (Broadbent. 1957) In a 
trial with different strains of cauliflower there were 1 7 and 592 infected 
plants on August 21 and September 4. respectively (see Fig 4 m Broad 
bent 1957), so Xi and x. are 0 017 and 0059, respectively, and t, — t, is 
14 days, whence r is 9 22 per day The epidemic was started artiflcfal/y 
by pSmiting an infected plant at the center of each plot of 121 plants, so 
5 9% mfection represents roughly 7 plants around each infeclor plant Tlie 
evidence is that at this stage the error from nonrandomness is small, so 
the estimate of r is fairl> trustworthy, but at much higher values of x. 
estimates would be too low 
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With local lesion disease on plants that grow between U and U, 
allowance must be made for new susceptible tissue. If susceptible tissue 
increases tn times between f , and equation 5 must be rewritten as 


r = 


230 , mxijl — li) 

b — li ^ iTifl X2) 


(G) 


Chester (1943) gives figures for the multiplication of leaf rust 
(Fuccinta tritidna) of wheat in Oklahoma. After a severe winter fol- 
lowed by normal weather, infection increases at a steady rate from 1 
pustule per 1,000 leaves at the beginning of March to 10 pustules per 
leaf at the beginning of June. During this period there is a tenfold 
increase of leaf tissue (Chester, 1946); hence m is 10. The ratio X 2 /X 1 is 
10,000, and — U is 92 days. An infection of 10 pustules per leaf is 
equivalent to about 1% infection, according to Fig. 13 of Chester (1950); 
so ^2 is 0.01 and Xi is even smaller, and we can ignore the terms (1 — JTi) 
and (1 — Xa). By equation 6, r = 12 5% per day. 


5 General Commenf^ on the Restriction of Much of This Chapter to 
Euents before the Onset 

Physical chemistry advanced far in the theory of dilute solutions. 
The gas laws were applied to dilute solutions, and dissociation constants 
were determined in dilute solutions. This was done in the first place to 
avoid the difficulties of dealing in theory and practice with the behavior 
of molecules and ions at high concentrations. In the same way this 
chapter deals to a great extent with the theory of dilute concentrations 
of disease: of disease up to the onset, defined arbitrarily as the 5% level. 
Primarily the reason for this is to avoid the objection against using dis- 
ease progress curves after the onset. 

How much information do we lose by confining quantitative discus- 
sions to the period up to the onset? The answer is: surprisingly little. Con- 
sider these examples. In Section III, G an equation is given that evaluates 
sanitation in terms of a delay in the onset of the epidemic. If the weather 
and other conditions stay constant, the delay in the onset is also the 
delay in reaching the 50% level of disease or the 99% level. If the weather 
changes, then interest is changed from the factor of sanitation to the 
factor of weather. By describing the effect of sanitation on the onset, 
one has in effect desenbed all that needs to be described about the effect 
of sanitation on the course of the epidemic. In other words, the loss of 
information from confining attention to the period up to the onset is 
negligible. Also, it docs not matter what criterion one takes for the 
onset, provided tliat it is not more than about 5%; it could just as well 
or belter be taken at 0.1%, In Section III, B we discuss the application 
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of r to tlic theory of forecasting; in most cases forecasts are in practice 
confined to tlie onset of an epidemic. 

Gradients of infection away from the source figure largely in Sections 
IV and V. With gradients, too, it can be shown both that it is wise to 
keep calculations to the period up to tlie onset of the epidemic and that 
remarkably little information is lost by doing so. In this chapter we do 
in fact discuss gradients at higlier levels of disease, and correct the 
data as best we can. But this is only tluough lack of choice; the data 
are so scant that one cannot at present afford to be selective. 


6. Justification for Using the Law of Compound Interest When There 
Is an Incubation Period 

The meaning given to r is tliat it is the rate of compound interest 
(per cent) up to the onset. True compound interest (we are not con- 
cerned rvith bankers' compound interest) is added to accumulated cap- 
ital as it is earned, and then instantly begins earning itself; the concept 
of an incubation (ie., pre-reproduction) period is foreign to the law 
of compound interest as it is used in science. Are we then justified in 
applying the law, as represented by r, to plant disease? It seems that we 
are, and it will be shorvn that r can be used as an apparent rate 

The meaning of * is the proporHon of infected tissue m which meu- 
bation is complete. The infection is visible and the lesions are of an age 
to produce inoculum (according to the suggestion in Section II, A, 3) 
Consider now the total proportion V of tissue that is infected even if 
incubation is still incomplete. To simplify the argument, we shall con- 
fine attention to events before the onset of the epidemic Instead of 
equations 3 and 4, let us write for the same set of observations 
<fc' i" 


di too 


(7) 


Here ic', , is the proportion of infected tissue at time t- P, in winch 
P is the tacubation period. It is the proportion of tissue m which meuba- 
tion is complete and therefore has the same meaning as i in the earlier 
equations. It can be determined that ^ 

r = r'eT“ (8) 

In effect r is a compound interest rate to which P conWbutes, out- 
in entjcc, factor, such as the abundance or vectors, 

wardly like when P and r* are constant. More generally, it 

Equation Jecnite an incubation period the concept of compound 
can be shown ^ ^ temperature, humidity, etc. 

interest is v jygt tliat. In the early history of an epidemic 
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(for example, soon after inoculation in an artificial epidemic) r at first 
varies with time, even if P and r' are constant, and only later settles 
down to the stable value given by equation 8. Tlie larger the product 
Pr, the larger are the variations. Similar variations occur when, for 
example, an epidemic is cheched by drought and then builds up again. 
The previous history of the epidemic, every previous fluctuation, is 
remembered in the multiplication rate, and this memory factor is the 
special contribution of an incubation period to the concept of com- 
pound interest. 

There is a qualification Previous memory is wiped out each time 
multiplication stops for a continuous interval at least as long as P, and 
then starts anew Hence, the memory factor can cause a drift in the 
multiplication rate of potato blight from day to day, but not in that of 
potato leaf roll from year to year. 

Variations in the value of r, whether caused by memory or any other 
factor, are properly cared for by equation 5. This equation estimates 
the average of the value of r at every instant between any times fi and 
U, irrespective of any variations that occur. 

But although it is important to know that the memory factor’s effect 
on r is correctly estimated, it is often equally important to know how to 
eliminate this effect so that other factors can be studied without inter- 
ference Except within approximately 2.2 P days after inoculation in an 
artificial epidemic or 1.2 P days after the end of a major interruption in 
a natural epidemic, the effect of the memory factor on r can be made 
small by arranging that the interval between f, and U should be as near 
to 1.2 P days (or a multiple thereof) as is possible without using frac- 
tions of a day. For example, if P is 6 days and it is wished to study in an 
artificial epidemic the separate effect on r of factors other than the 
memory factor, observations should begin whenever convenient after 
the thirteenth day from inoculation and then be made at weekly inter- 
vals. Very exact knowledge of P is here unnecessary, and in the example 
just quoted an 8-day interval between and would also almost elim- 
inate the memory factor’s effect on r. 

B. Increase o/ Disease token the Pathogen Does Not Spread 
between the Host Plants 

Consider hunt of wlieat caused by Tilletia caries and T. foetida. 
Plants arc infected as young seedlings, and do not release spores until 
the grain has been formed. One plant cannot infect another during the 
course of the season. Tlicro is multiplication of infection, but only as an 
increase from season to season and not within a single crop. Many other 
sxstcmic smut fungi behave similarly. 
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With obligate heteroccism there are similar restrictions The apple 
rust fungi Gtjmnosporangium spp move hither and thither from apples 
to the alternate hosts and back During this movement from one host 
to the other there can be a multiplication of infection, but there is no 
multiplication directly from apple to apple Similarly, Cronartium nbi- 
cola does not spread from pine to pine 

With many of the systemic or quasi systemic vascular wilt diseases 
the pathogen is not returned in great quantity to the soil until the host 
dies The pathogen may build up from season to season, but it does not 
spread much from plant to plant during the season 

Sometimes there is apparently no spread from plant to plant and no 
buildmg-up within the host species even over the seasons Eastern 
X virus spreads from chokecherry (Pnmus virgmiana) to p^ch but ap 
parently not from peach to peach (H.ldebrand, 1953) The of 
Pierce-s disease has a wide range of spec.es of host plants from wh.ch it 
mfects grapevines, but it does not seem to spread from grapevine to 
grapevine (Hewitt at d. 1949) Tomato spoHed wilt virus infects 
tobLo. but the thrips vectors do not breed on this host and there is no 
evidence of spread from tobacco to tobacco (van der Plank and An 
derssen, 1945) Peaches with X disease, grapevines with Pierce s disease, 

and tobacco wdb tomato^^^ arel“ 

epdemms areTecondary (see Section III, D) and are the result of multi 

'”‘Tb“nc“ o* prLTfrom plant to plant can occur at times even with 
ADsence o t' j p,„u,e 2A, reproduced from a report by 

diseases ‘ ^ fl 948 ), shows the distribution of rugose mosaic 

Doncaster and Gregoiy ( t 

caused by v-us J, ^ 

from virus Y, invasion did not pass the infec- 

which were m ec ‘i and there was no evidence of secondary 

tion on to f ®^ondary spread can be expected when the invasion 

spread Absence season or when the presence of vectors is 

nlace late m 

caKes piacc , , not uncommon 

transient It i P without multiplication which has been discussed 

The type o naracraphs can cause an epidemic which super- 

in the previews epidemics but which is fundamentallj distinct 

ficially resem reason why the progress curve of the epidemic 

Tliere is, for e\a p ’ j often the approach to control is different 


approach I 

time stiouiu ® tn detect when infection is increasing 

It is therefore importan 


t, M he siffmoid Often 
w ith time should b , » 


It IS theretor f 

without sprea » various wa\s One can mark infected plants and 
This can be done 
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(for example, soon after inoculation in an artificial epidemic) r at first 
varies with time, even it P and P are constant, and only later settles 
down to the stable value given by equation 8 The larger the product 
Pr, the larger ate the variations Similar variations occur when, for 
example, an epidemic is chedied by drought and then builds up again 
The previous history of the epidemic, every previous fluctuation, is 
remembered m the multiplication rate, and this memory factor is the 
special contribution of an incubation period to the concept of com- 
pound interest 

There is a qualification Previous memory is wiped out each time 
multiplication stops for a continuous interval at least as long as P, and 
then starts anew Hence, the memory factor can cause a drift in the 
multiplication rate of potato blight from day to day, but not in that of 
potato leaf roll from year to year 

Variations m the value of r, whether caused by memory or any other 
factor, are properly cared for by equation 5 This equation estimates 
the average of the value of r at every instant between any times and 
fa, irrespective of any variations that occur 

But although it is important to know that the memory factor’s effect 
on r IS correctly estimated, it is often equally important to know how to 
eliminate this effect so that other factors can be studied without inter- 
ference Except within approximately 2 2 P days after inoculation m an 
artificial epidemic or 1 2 P days after the end of a major interruption in 
a natural epidemic, the effect of the memory factor on r can be made 
small by arranging that the interval between fi and fa should be as near 
to 1 2 P days (or a multiple thereof) as is possible without using frac- 
tions of a day For example, if P is 6 days and it is wished to study in an 
artificial epidemic the separate effect on r of factors other than the 
memory factor, observations should begin whenever convenient after 
the thirteenth day from inoculation and then be made at weekly inter- 
vals Very exact knowledge of P is here unnecessary, and in the example 
just quoted an 8 day interval between fi and U would also almost elim- 
inate the memory factor’s effect on r 

B Increase of Disease when the Pathogen Does Not Spread 
between the Host Plants 

Consider bunt of wheat caused by Tilicfia canes and T foetida 
Phnts .xre infected as young seedlings, and do not release spores until 
Hie gram has been formed One plant cannot infect another during the 
course of llie season Tlicre is multiplication of infection, but only as an 
mcreaso from season to season and not within a single crop Many other 
s>stcmjc smut fungi behave similarly 
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With obligate heteroecism tliere are similar restrictions The apple 
rust fungi Gtjmnosporangium spp move hither and thither from apples 
to the alternate hosts and back During this movement from one host 
to the other there can be a multiplication of infection, but there is no 
multiplication directly from apple to apple Similarly, Cronartium nbi- 
coJa does not spread from pine to pine 

With many of the systemic or quasi systemic vascular wilt diseases 
the pathogen is not returned in great quantity to the soil until the host 
dies The pathogen may build up from season to season, but it does not 
spread much from plant to plant during the season 

Sometimes there is apparently no spread from plant to plant and no 
building up within the host species even over the seasons Eastern 
X virus spreads from chokecherry (Prunm vtrginiana) to peach but ap- 
parently not from peach to peach (Hildebrand, 1953) Tlie vinis of 
Pierces disease has a wide range of species of host plants from which it 
infects grapevines, but it does not seem to spread from grapevine to 
grapevine (Hewitt et al , 1949) Tomato spotted wilt virus infects 
tobacco, but the thrips vectors do not breed on this host and there is no 
evidence of spread from tobacco to tobacco (van der Plank and An- 
derssen, 1943) Peaches with X disease, grapevines with Pierces disease, 
and tobacco with tomato spotted wilt apparently do not contribute to 
the building up of an epidemic of these three virus diseases in them 
epidemics are secondary (see Section HI. D) and are the result of multi 
plication in other hosts .t 

Absence of spread from plant to plant can | by 

diseases that normally spread Figure 2A. reproduced 
Doncaster and Gregory (1948). shows '‘l® f a 'fnmany free 

caused by virus Y, m an isolated potato field This ™ f ^ 
from vJs Y, but svas -vaded ^sou^ 

which were infected as a result evidence of secondar; 

tion on to their expected when tl.e invasion 

transient It is possibly cation which has been discussed 

The type of increase withim nniltip^^^^ epidemic which siiper- 

in the previous five ^ fundamental!} distinct 

ficially resembles other epi progress ciinc of the epidemic 

There is, for example, no '^V.r„^prfueh to control is diCfereiit 

With time should be sigmoi detect \%hen infection is increasing 

It IS therefore important to be able m ^ 

without spreading from p 'm mark infected plants and 

This can be done in various } 
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determme whether they eie foe. of mfccUon by comparmg the number 
of plants winch become infected m an area near them with the i"'™ 
of plants which become infected m a comparable area at a ‘ ‘ 

from them But the most eonvement methods use the distribution 


A B 



®-Mos°ci!I O-Heallhy *- Leaf roll 

Fic 2 Distribution of rugose mosaic and leaf roll around an infected plant, 
L R , gro\vn from a potato tuber infected with leaf roll For convenience, rugose 
mosaic and leaf roll are shown in separate diagrams, A and B, respectively (After 
Doncaster and Gregory, 194$) 


diseased plants m the field or orchard without a knowledge of their 
history Figure 2B shows how leaf roll develops m a potato field around 
an infected plant g^o^vn from an infected tuber Tliere is a nest of 
diseased plants near this plant Nests of this sort vary m their compact- 
ness and shape from disease to disease, hut it is probably safe to 
assume tint with all plant diseases there is a tendency for infected 
plants to aggregate to some extent near the source of infection (The 
tendency is greatest when r' is low in value and the gradients are steep, 
see Section IV, E and F about scales of distance ) The test for spread of 
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infection is a lest for aggregations. Cochran (1936) examined some gen- 
eral tests, and Todd (1940) and Freeman (1953) developed a test for 
the special case of the death of trees planted at the comers of a square 
lattice in a rectangular plantation. The simplest test yet devised makes 
use of doublets (van der Plank. 1946). A doublet consists of 2 adjacent 
diseased plants. If n plants arc examined in sequence, and of these are 
diseased, the expected number of doublets is 

d = — !)■ 

n 


A run of 3 diseased plants is counted as 2 doublets; a run of 4 as 3 
doublets; and so on. A test of sign.Bcnnce has been worked out by G. A. 
McIntyre of the Commonwenith Scentifie .rnd Industnal Kesearch Or- 
ganisation. Canberra. Australia, and .t is hoped it wdl be published 

'''“A^an example, the distribution of leaf-roll-infeeted potato plants in 
Fig 2B is analysed. There is a total of 100 plants, including the origina 
d s^eafd p?ant; of these, 28 are infeelea. If one starts at the top left 

comer, re^ads dmvn the first row up v ST/TooV^Srx? 

19 doublets The e.xpecled number is only 28 X 27/100 or 7.56. The 
19 doublets. J .^cessive (nonrandom) aggregation. A corres- 

infected g pi.„(s with rugose mosaic in Fig. 2A 

ponding analys lexpecled) 0.72. There is no evidence of 

gives d (observe ) nraclice one is usually concerned with col- 

nonrandom aggrega 1 fp, the presence of spread 

lecting evidence needed, and precautions must be taken 

of infection Estenswe damjm^ne^ , he field. The method can be used 
agamst extr.aneous ® gj i„ .any direction, .and counting can start 

to examine evi en poi„t. Missing plants, uneven spac- 

from any random 7 Jp POt affect the analysis mathematically, 

ings, or changing interpretation biologically. From what is 

although they niay a fpjjpws that spread of infection is most easily 
Seemi hfthrmethod if the disease is a systemic disease of trees. 

T„r,nTI,UM AT ItS SoOUCE IN ReLAHON TO EpHIEMICS 
III. The Amount of inoco 

. ^ i„nrdlum and Hate of Multiplication before the Onset 
A. TheAmoun pnneem was with rates of multiplication. 

In the preceding source of the epidemic must now be 

The amount M plants are the starting inoculum— when, for 

considered. Wen pjato blight start from lesions on infected shoots 
example, epidemics o p , or when potato leaf roll spreads from an 
developing from m e 
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infected plant, the sequence of multiplication is homogeneous. Lesions 
produce lesions, and infected plants produce infected plants. We shall 
be concerned only with homogeneous sequences. When the source of 
inoculum is resting spores or anything but infected plants, we consider 
the sequence as starting from the first plants to be infected directly 
from this inoculum, i.e., the first infected plants are considered as the 
inoculum at its source. This restriction to homogeneous sequences 
simplifies what has to be discussed without affecting the conclusions 
appreciably. 

Suppose Iq and 1 are respectively the amounts of inoculum (in terms 
of the number of lesions or, for systemic diseases, the number of infected 
plants) at the source and at the onset of the epidemic which was defined 
in Section II, A, 2. 

1 = /oe^'/>w (10) 

Here t is the time taken up to the onset, and r has the meaning given in 
earlier equations. To quote an example given previously, if P. infestans 
multiplies a millionfold in 80 days, 

gSOr/tOO = 2/j^ ^ 10« 

whence r = 17.3% per day. This is an average rate for the 80 days. 

More often one needs to know the effect of a change in the amount 
of inoculum at the source, a change brought about, for example, by 
sanitation. One can therefore profitably rewrite equation 10. Suppose 
the amount of inoculum at the source is reduced from lo to 2'o. The 
delay in the onset of the epidemic. At, can then be determined from 
the equation 

= r^firM/lOO 

whence 


At 



( 11 ) 


In the equation, r is the rate during the time of the delay. Logarithms 
are to the base 10. 

Suppose r= 69 3% per day at the onset. How long will the onset be 
delayed by halving the amount of inoculum at its source? 


230 log 2 
69.3 

230 X 0.301 


69.3 
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Tlic answer is 1 day. Natural compound interest of 69.3% per day, which 
is added to the accumulated capital at every instant, is equal to 100% 
“bankerY* compound interest, which is added once a day. This numerical 
problem makes the obvious point that if the amount of infection is 
doubled ever)' day, halving the amount at its source will postpone the 
onset by a day. Tlic criterion for the onset must of course be fixed, but, 
provided that it is fixed within the limit stated in Section II, A, 2, the 
particular value at which it is fixed has no relevance. (But read also 
Section II, A, 5,) 

Consider another example. Broadbent (1957) tested the use of 
barriers to protect cauliflower seedlings from mosaic, and found that a 
barrier of three rows of barley around the seedbed reduced infection 
from 3.0 to 0.6%. How long would the onset of an epidemic of cauli- 
flower mosaic be delayed in crops planted from protected seedbeds? 
Use the value r = 9.2% per day, calculated for cauliflower mosaic in 
Section 11, A, 5. 


' 0 2 'O.C 
= 17 5. 


The onset of the epidemic would be delayed 17 5 days. For properly apt 
results r should be measured for the same variety as that used in the 
bam-er experiment, in the same district, at the same time of the year, 
in the same type of sod, etc. 

B. Same Comments on the Theory of Forecasting of Epidemics 
Th ethod and effectiveness of forecasting epidemics varies with 
. y r - seniiation 11* Consider the two extremes of forecasts 
ttt Time an “forecasts based entirely on, the amount of inocuium 
at the source^ 

1. Forecasts That Ignore the Amount of Inoculum 

to equation 11, the higher the value of r at the onset, the 
According forecast of the time of onset that ignores difi^erences 
less the error o ^ gf the source. If r is large enough, approxi- 

in the amount o possible without reference to inoculum. An alter- 

mate forecasts jl^at the amount of inoculum is so large that 

native condition |y .^.^g factor. Both conditions possibly exist with, say, 
it ceases to be a i jpring weather follows a fall and a winter 

apple scab of large amounts of inoculum in dead leaves, 

favorable to the more susceptible to blight as they grow older 

Potato j high values of r are possible toward maturity. 

(Grainger, 195^ h 
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It is this fact of a high value toward maturity that makes short-range 
forecasts of blight feasible on wcatlier data alone. It has been found 
that there may be a "zero time," a date (July 1 in west ScoUand) 
before which forecasts based on weather data alone arc invalid (Grain- 
ger, 1950). Interpreted by equation 11, “zero time” is the dale on which 
the magnitude of r becomes high enough to blur the effect of variations 
in the amount of inoculum and make the epidemic specially sensitive to 
the weather. The more susceptible the variety, the earlier can "zero 
time” be fixed or, alternatively, if "zero time” is unchanged, the more 
accurately can forecasts be made. 

2. forecasts Based on the Amount of Inoculum Alone 

As the value of r at the onset decreases, the effect of variations in the 
amount of inoculum on the date of the onset increases. With low enough 
values of r the importance of the inoculum factor becomes dominant, 
and approximate forecasts can be based on it alone. The number of 
sclerotia of ScleroHum rolfsU in the soil can be used to forecast losses 
of sugar beet from this fungus (Leach, 1938). In general the soil is not 
a medium conducive to the fast multiplication of pathogens, and 
methods of forecasting other diseases caused by soil-borne pathogens 
on inoculum alone are likely to be feasible. 

C. An Epidemiological View of the Problem of Sanitation: 
the First Rule of Sanitation 

Equation 11 tells us that, measured as a delay in the onset of an 
epidemic, the benefit of a given percentage reduction in the amount of 
inoculum at its source is inversely proportional to r, the magnitude of 
r being determined at the lime of the delay. This is the first rule of 
sanitation. 

Within the limits of one disease the rule means that sanitation helps 
most when it is needed least. Before any method of sanitation is recom- 
mended for the control of a disease, it should be ascertained that the 
method will remain effective even during seasons when conditions are 
such that infection multiplies at its fastest. 

In TOmparing different diseases the rule means that control by sani- 
tation is most apt for those diseases that multiply most slowly. If r is 
large, sanitation is relatively ineffective, and it is usually necessary to 
use fungicides or, alternatively, to call in the plant breeder to produce 
a resistant variety, i e., to bring down the magnitude of r. When r is 
small, one is likely to he dealing with a disease that can be controlled 
by sanitation: by crop rotation, by fumigation of the soil before the 
crop is planted, by destroying diseased crop residues or using manure 
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free from inoculum, by planting Iicaltiiy or disinfected seed and nurser)' 
slock, by roguing out dise.ased plants, by isolatmg fields from sources 
of inoculum, by destroying weeds or other hosts that can carry infec 
tion, or by any other method that reduces inoculum at its source 
For example, systemic diseases tend to have low values of r, and a 
study of the literature shows that the majority of them are controlled 

by sanitation m one form or other „ , , j 

As r increases, sanitation becomes less effective But vvhere do we 
draw tbe line? At the one extreme, with very low rates of multiplica 
tion, sanitation is almost completely effective, for example, on present 
knowledge a citrus grower can be protected against losses from psorosis 
by the sL'itary measure of using only he.althy nursery stock to plant his 
oml aX Are there, at the other extreme, infections that multiply so 

fast that sanction is wortliless? The answer depends on the eireum 
last tnat sanitai A of potatoes grown from blight- 

stances “fueled with blight from infected refuse piles or 

free seed can become inlectea J" p^m calculations 

rom mfected fie ds Take the it can be estimated that 

based on meager . neighbors would reduce 

doubling the ‘^okitjon °f a P neighbors by 83® (See 

the amount of Wight tot t S ^ 

Section IV, B » f ’an epidemic by 3 7 days (Here 

isolation will po^one th^ ^,|<„^ance of an mcrease of a ton of 
I, /I „ _ 100/(100^ ) ) (Jjg growmg sea- 

tubers per acre pe ^ an 

son, isolation to tne e ^ Whether this gam would 

unsprayed field of ah circumstances On a small farm, 

be worth working oossible only at the cost of arrangements that 

isolation IS impossiD u ^ ^^aie farm 

are not ““le f 

planning with an y ,( jjjaajd 

present pu^ose e ^ mulUplying disease like blight of pota 

be stated that even cannot be excluded before conditions 

toes the possibility or 
are analyzed 

n An Epidemwlogwal View of Breeding for Resistance 

imoortant deduction from equation 11 — and the first 
One Concerns resistant varieties Plant breeders like to 

rule W sahitat. complete immunity, this is desirable, and the 

aim at high readily understandable there is no epidemic (and 

effect of ^„tter would be outside the scope of this chapter) 

B fomronly the available resistance « only partial, infection ocairs. 
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but at a slower rate The magnitude of r is reduced, and the value of 
sanitation correspondingly increased Every quantum of resistance, how- 
ever small, increases the efficiency of sanitation, and every quantum ol 
sanitation increases the value of the partial resistance As methods ot 
control, sanitation and partial resistance should go together When a 
disease is controlled by sanitation, partial resistance in any measure is 
an achievement not to be despised It has been much undervalued in 
plant pathology, largely as the result of ignoring its connection with 
sanitation 

E Secondanj Epidemics 

An epidemic can be defined as secondary if it starts from inoculum 
derived from another, earlier epidemic In Section II, B it was observed 
that epidemics of eastern X disease of peaches, Pierce’s disease of grape- 
vines, and tomato spotted wilt on tobacco are secondary because there 
IS apparently no spread of the diseases m the crops mentioned Infection 
must come from outside 

In the Netherlands van der Zaag (1956) found that with the potato 
variety Duke of York there was about 1 primary focus of infection per 
square kilometer at the start of the season, this focus originating from 
an infected seed tuber With the more resistant variety Noordehng, 
primary foci were much rarer or entirely absent Further, he tested 
varietal differences by artificially inoculating leaflets in the field before 
natural infection was apparent, and then 12 days later counting how 
many leaflets had become secondarily and naturally infected from these 
primary artificial sources For every 1 lesion on Noordehng that devel 
oped secondarily around the primary source, there were 180 on Duke 
of York From this we infer that the magnitude of r was roughly 180 
times as great for Duke of York as for Noordehng This estimate is 
rough but adequate the evidence does not allow an exact estimate of 
either r or r' Epidemics in Duke of York take about a month to develop 
from the primary foci, so, from equation 11, an epidemic in Noordehng 
would need 180 months to develop If one adds to this the information 
about the scarcity of natural primary foci with Noordehng, the period 
neeaed would be much greater Even if one admits the possibility of 
error, the differences are striking enough to make it reasonably certain 
that a primary epidemic of blight m Noordehng is improbable in a 
growing season limited to 4 or 5 months If Noordehng becomes sig- 
nificantly blighted. It is almost certainly as a result of infection obtained 
initiall) from some other variety 

Tim tcndenc> for disease to spread from more to less susceptible 
larielies and cause secondary epidemics in them, increases with the 
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e\tent to wliicli initial inoculum must multiply to cause an epidemic 
Tor anv gncn time up to the onset, the logarithm of the amount of 
multiplication is proportional to r If tuo varieties differ in that in the 
one r is tuice as great as in the other at all times, then by the time the 
more susceptible variety has multiplied lO’ times the less susceptible 
Mill have multiplied 10 times, by the time the more ™s«ipt.ble has 
multiplied 10» times the less susceptible will have multiplied lOJ times 
As multiplication continues, the difference in level of disease behveen 
the varielies increases The more the multiplication needed before a level 
of sas 57 IS reached the greater is the difference in disease between 
Sm V ;etm \ en dm morf susceptible has reached that level, hence, 
other things being equal, the greater the chance that disease in the less 
inings uLi g 1 ,nfl„enced by inoculum from the more sus 
susceptible varicy will h .^h.eh relatively little 

ceptible With J ^ danger of susceptible variebes startmg 

inoculum survives the J ,, correspondingly great 

secondary epidemics in fj^ytophthora mfestans. can survive peren 
Late bhght. can ed l^^y PW ^ 1 , 

nially Tbrought into the summer grown tomato plants 

year round It can a^lso be nro g ^^nspignts imported from warmer 
of colder climates by bhgbt j ^^^p ^ literature of 

areas But late bhgbt Neighboring blighted potato 

epidemics secondary to tn ‘ implicated as the source of 

fields or potato refuse pi ^ noteworthy change 

tomato blight But in one summarized it In 1940 races of 

in the literature since » l to tomatoes, 

Fhijtophthora •"/cstons r P trained to attack tomatoes by a few 
and, according to Mills, Nowadays there are frequent refer 

passages through tomato readily attack tomatoes, 

ences m the ’‘‘crature P tomato races still exists On 

although a distinction ],terature, secondary epidemics on tomatoes 

the general evidence o j^om potatoes There has been, it would 

are now more easily es “ jotmuship behveen P mfestans and the potato 
appear, a change m t e r secondarily and possibly mcidentally, 

which has also involve cause of the destructive epidemics of 

and which has ^Tiown before 1946 

tomato bligbt on a sc ^^ndpry epidemic brought about by mixed 
There is a type o peliaous has considerable resistance to 

cropping The app e ^ vnAntsnhnttra leucotricha Jonathon is very 


cropping The app e , podosphaera leucotricha Jonathon is very 
powdery mildew cause as a pollinator for Delicious In mixed 

susceptible and is j Jonathans may start secondary epidemics 

-lards spores from ^iseasea ^ . . , 

Delicious which are 
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of distance away the number of lesions from inoculum received from 
all sources at all distances is 

Q (^1 + 

If b > 2, this series is convergent, and there will be a limit from 
beyond which inoculum will not come. ^ 

To simplify calculations, suppose that the distance between fields is 
relatively large and that the fields arc uniformly infected and uniformly 
distnbuted. We can, as an adequate approximation, take the distance 
between the centers of neighboring fields as the unit of distance. If 
b = 25, 62% of the daughter lesions caused by inoculum received from 
other fields will come from fields, beyond the immediate neighbors, 40% 
from more than 3 fields away, and 32% from more than 5 fields away. If 
b = 3, the respective figures are 39, 17, and ll%i if b = 4, the figures are 
now 17, 3, and 1% respectively. If, for example, one regards inoculum 
coming from behind the horizon as negligible if it is responsible for less 
than 10% of the daughter lesions, then if b = 2.5, a horizon is established 
more than 50 fields away; if b = 3, about 5 fields away; if b = 4, 2 
fields away. The horizon draws in sharply as b increases, i e.* as gradients 
become steeper. 

It IS not assumed that gradients are the same in all sectors, and the 
horizon about a field need not be circular. 

C. Continuous and Discontinuous Spread of Epidemics 

If b > 2, the source of a new outbreak will probably be within a 
horizon The greater the magnitude of b, the more likely is the source 
to be near, and the easier it will be to follow the path of an epidemic. 
The spread will be continuous. 

But if b < 2, more inoculum will arrive from far than from near 
(assuming of course that host plants occur over a wide area). Infection 
will appear as if from nowhere.” There will be what have been called 
"spot” infections— mfections that cannot be traced to their source. The 
spread will be discontinuous. 

Low values of b can be expected if the movement of inoculum is 
oriented with a restriction on random scattering, as would occur, for 
example, if the iiioculum were carried by birds migrating toward a 
particular destination. Migratory birds are thought to spread chestnut 
blight by carrying the sticky pycnospores of Endothia parasitica (Heald 
and Studhalter, 1914; Leach, 1940). "Spot” infections were a feature 
of the great chestnut blight epidemic in North America, and occurred 
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m addition to local infections caused by wind blown ascospores, it seems 
Iibely that during migrations h was less than 2 

D The Determmatton of Gradients, the Scrapping of Equation 12, 
Dutch Elm Disease, Potato Blight 
Equation 12 was used only to build up an argument In scrapping it 
one need not replace it by a better equation, but only consider its most 
useful features The central inferences from the equation concern the 
value b = 2 or to scrap the equation, concern a gradient in which the 
number of lesions formed by inoculum from a source varies inversely 
as the square of the distance from the source If one plots the number 
of lesions against distance on a log log scale, the inverse square lines are 
straight One can draw as many as one wishes— all parallel Such are 
the lines A B C,D in Fig 3 The observed gradient for any disease can 
then be compared immediately with these lines If its slope is steeper 
than theirs, there will be a honzon of infection, and spread will be 
continuous Similarly one can draw a number of parallel ^ 

Imes like the Imes E and F in Fig 3 If the ^ VV ffhe 
than theirs, horizons can be expected to be fauly close ^ ‘he 

process is continued, and lines G, H, I, and / show t e num , . 
inversely as the fourth power of the distance from ih 

Dutch elm disease, caused by ^ 

illustrate Fig 3 There is a fair amount of information about Among 
other things, the spread of disease froni a smg e “ ® virtually 

limited period of time has been observed by several 
cease within some hundreds of yards from 

advance that one shouU expect 8™ ^“^^“jf^culty common to most 
Imes On one point there « Ztration gradients 

of the literature of diseases that cou of disease This limits 

should be determined “Jy ^ die disadvantage of this is 

information to the lower part o relatively few diseased plants 

that information there is usually jl ,,^ll ^t higher levels of disease 
and is consequendy not fully d the lesions are distributed 

one can correct the curve partial y ( > jo(o calculated 

randomly) by Attention to this was drawn by 

numbers of infections per IW p , , v t transformed values 

Gregory (1948). who Suppose there were 

Some examples will explain nlants Not all plants would be 

exactly 100 random have no infections (tb^ 

infected, on an average, 36 infections Tlie table 

remain healthy) and 63 63 22 disease to 100 infections 
calculates this m reverse, it r 
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(Sprague, 1953). Hardwoods grown alone arc normally resistant to 
Femes annosus but may be killed when grown in mixed stands with 
susceptible conifers in which inoculum builds up (Peace, 1957). These 
examples show the value of uniformity of resistance in minimizing tlic 
risk of secondary epidemics, a point to remember when rending Sections 
VI, C, 2, f and VI, E. 

Secondary epidemics provoked by mixed cropping are often used by 
plant breeders to eliminate susceptible lines of seedlings. A variety 
known to be susceptible is interplantcd with the material to be sorted 
out in order to ensure that infection will be present in the breeders’ 
plots. The method is simple and convenient, but there is the danger of 
confusing the smaller amount of resistance adequate to stop a primary 
epidemic with the larger amount needed to cope with a secondary 
epidemic. 


IV. The Spread of Epidemics 
A. Factors That Aged the Rate of Spread 
Section IV describes how an epidemic spreads over a distance. Tliree 
factors are considered at the start. A fourth factor, scale of distance, is 
discussed later in the section. 


1. The Gradient of Infection 

■ c *at a heallhy plant in a given direction will become 

i^ected depends on the distance of that plant from the source of infec- 
flT’ away (usually smoothly, but not necessarily so) 

from the source. Unless otherwise stated, the source will always be 

instance-and not a field or strip, 
hit Inn f only when the percentage of infection 

low, apparent gradients necessarily become flatter as disease mounts. 

2. The Abundance and DislribuHon of Susceptible Host Plants 

The probability that a spore or other propagule will travel a uiven 

turiYermt”t‘“ ^ rlredtfto 
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from one host i^lant to another are small. Their distribution — whether in 
small fields or large — also affects the pathogens spread, this is a matter 
to be discussed in Section V. 


3. The Rate of Multiplication 

Spread is multiplication at a distance from the source of inoculum; 
and, for a given gradient, multiplication at a distance is related to 
multiplication in general. Fast multiplication of disease lesions means 
fast spread of disease. The connection has long been tacitly accepted, 
and patliologists commonly use the words “multiplication and spread 
interchangeably. A tie between multiplication and spread is discussed 
in Section IV, E (equation 13). 


B. Horizons of Infection 

Horizons of infection have been discussed by van der Plank (1949b). 
For argument’s sake suppose temporarily that the probability that a 
lesion (or, for systemic diseases, an infected plant) will form a daughter 
lesion in unit time on a healthy plant at a distance s is 


, = (12) 

Here a and b are constants. We shall not bother about the accuracy of 
this equation, the relationship shown is just scaffolding, which will be 
removed later. Suppose that there are infected fields scattered over a 
large area, and consider any field as center. Suppose that this field is 
only lightly infected; that the epidemic in it has not gone further than 
the onset, and that it receives inoculum from other fields m a sector 
narrow enough for the gradients toward the center to be ““'dered 
uniform. The probability that a lesion wil develop m this & d as a 
result of inoculum received from a parent lesion nvo units of dntence 
away in the sector is l/2‘ times the probability that a esion '-1 deve op 
from inoculum from a parent lesion one unit of distance away m the 
sector. But on an average the number of parent lesions bvo unUs of 
distance away is twice the number one unit away (because for a given 
angle at the center the arc is proportional m its radius). Hem^ on an 
avLge the number of lesions caused by Ts- 

sources (all parent lesions) hvo units away is 2/2- or 1/2 t,rr,es me 

number from inoculum received XS'uuS 

ilarly the number from inoculum received from all sourres Uiree m 
mvav is 1 / 3 “ • times the number from all sources one unit away. If Q is 
rLmier of Snfftom inoculum received from all sources one unit 
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o£ distance away the number of lesions from inoculum received from 
all sources at all distances is 

Q ^1 + ^ + * ) 

If fa > 2, this senes is convergent, and there will be a limit from 
beyond which inoculum will not come 

To sunplify calculations, suppose that the distance between fields is 
relatively large and that the fields arc uniformly infected and uniformly 
distributed We can, as an adequate approximation, take the distance 
between the centers of neighboring fields as the unit of distance If 
b = 2 5, 62% of the daughter lesions caused by inoculum received from 
other fields will come from fields, beyond the immediate neighbors, 40% 
from more than 3 fields away, and 32% from more than 5 fields away If 
b = 3 the respective figures are 39, 17, and 11%, if b = 4, the figures are 
now 17, 3, and 1% respectively If, for example, one regards inoculum 
coming from behmd the horizon as negligible if it is responsible for less 
than 10% of the daughter lesions, then if b =: 2 5, a horizon is established 
more than 50 fields away, if b = 3, about 5 fields away, if b = 4, 2 
fields away The horizon draws in sharply as b increases, i c , ns gradients 
become steeper 

It IS not assumed that gradients are the same in all sectors, and the 
horizon about a field need not be circular 

C Continuous and Discontinuous Spread of Lpidemics 

If b > 2, the source of a new outbreak will probably be within a 
horizon The greater the magnitude of b, the more likely is the source 
to be near and the easier it will be to follow the path of an epidemic 
The spread will be continuous 

But if b < 2, more inoculum will arrive from far than from near 
(assuming of course that host plants occur over a wide area) Infection 
will appear as if from nowhere There will be what have been called 
‘spot” mfections— infections that cannot be traced to their source The 
spread will be discontinuous 

Low values of b can be expected if die movement of inoculum is 
oriented with a restriction on random scattermg as would occur, for 
example if the moculum were carried by birds migrating toward a 
particular destination Migratory birds are thought to spread chestnut 
blight by carrying the sticky pycnospores of Endothta parasitica ( Heald 
and Studhalter, 1914, Leach, 1940) ‘ Spot infections were a feature 
of the great chestnut blight epidemic in North America, and occurred 
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in addition to local infections caused by wind blown ascospores, it seems 
liVely that during migrations h was less than 2 

D The Dctemmalion of Gradients, the Scrapping of Equation 12, 
Dutch Elm Disease, Potato Blight 

Equation 12 was used only to build up an argument In scrapping it 
one need not replace it by a better equation, but only consider its most 
useful features Tlie central inferences from the equation concern the 
valu^ Z, = " or to scrap the equation, concern a gradient in which the 
number of lesions formed by inoculum from a source vanes inversely 
as the square of the distance from the source If one plots the number 
of lesions against distance on a log log scale, the inverse square lines are 
straight One can draw as many as one wishes-all parallel Such are 
the lines A B.C.D in Fig 3 Tl.e observed pdient for any disease can 
then be compared immediately with these lines If its slope is steeper 

than theirs there will be a honzon of infection and spread will be 
man tneirs, u ^ number of parallel inverse cube 

continuous Sun y observed gradient is steeper 

lines like “an bre^ected to be fauly close In Fig 4 the 

th-in theirs, , j q j ^nd J show the number of lesions 

source of infection 

mvMsely as the our P CeraforfomeWa ulmt was chosen to 

n There is a fau amount of information about it Among 

illustrate Fig disease from a single mfected tree m a 

other thmgs, t P observed by several workers to vutually 

limited period of of yards from the tree, so one knows in 

cease within some gradients steeper than the inverse square 

advance that one s , ^ difficulty — a difficulty common to most 

Imes On one ^ (],at could be used for illustraUon gradients 

of the literature o percentages of disease This limits 

should be part of the curve, the disadvantage of this is 

information to tne iow^_P^^ ^^^^ 

on relatively few diseased plants 
that information t ere statistically At higher levels of disease 

and is consequenuy ^ rtially (or fully, if the lesions are distributed 
one can correct farming percentages of diseases mto calculated 
randomly) by tra plants Attention to this was draiin by 

numbers of mtec lO a useful table of transformed values 

Gregory (194 ), 'V ^ jjre transformabon Suppose there were 

Some examples W1 per 100 plants Not all plants would be 

exactly 100 ran oin 268 % xvould have no infections (they would 
mfected, on an av ^ would have 1 or more mfeebons Tlie table 
remain healthy) ““ Uansforms 63 2* disease to 100 infections 

calculates tins in 
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per 100 plants. In Fig. 3 the highest figure for disease is 88 . 9 *. wh'clUs 

Lnsformed to 220 infections per 100 trees At low 

change is small and usually negligible: 5% disease transforms to 5.13 

infections per 100 plants. /rnrit for 

Figure 3 analyxes the combined data of Zentmyer ^ ' 

three plots in Connecticut; and the data of Liming et al. (1 ) 



Fig. 3. Amoxmt of Dutdi elm disease (Ceratostomella ulmi) at varying dis- 
tances from the source of inoculum. Curves 1 and 2. data of Zentmyer et al. (1944) 
and Liming et ol. (1951), respectively, shown as transformed mimbexs of infections. 
A, B, C, and D are inverse-square Imes with scales of distances as 1:10:100.1000. 
E and F are inverse-cube lines with scales of distance in the ratio 1 ; 10. 


plot in New Jersey. These data were collected within a year of the 
emergence in large numbers of the vector beetles from the source of 
infection which in each case was a single naturally infected tree. There 
was therefore little time for secondary multiplication to affect the 
gradients. At the lower levels of disease, which are the safest to observe, 
the gradients are steeper than the inverse-square lines and are more like 
the inverse-cube lines. Tliis is what one would expect from general 
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observations on the disease, but the data are too few to warrant detailed 
statistical analysis. 

Figure 4 analyzes records of potato blight, caused by Phtjtophthora 
infestans. The data of Limasset (1939) were taken from the paper of 
Gregory (1945). Bonde and Schultz (1943) recorded the number of 
lesions per 100 plants, so no transformation is needed. These records 



. » of potato blight (P mfestans) at varying distances from the 

Fic. 4 Amount or V ^ 2 data of Limasset (1939). Curve 3: data of 

source of 0943). Curves 4 and 5. data of Waggoner (1952). Curve 6 

Bonde and ^ .,noo) for Peronospora destructor Curves 1, 2, 4, and 5 are based 
data of Newhall ^ r j-gjons G, H, I, and J are inverse fourth-poucr lines 

on transformed ^ 

with scales of distan 

from a field about 100 ft. away from an infected dump pile 
were hirrels of cull potatoes. Blight was first noted in the pile 

of about infected most of the plants in the pile by June 25 

on June 1-. potato field that are reproduced in Fig. 4 were taken 

The reamngs possible tliat tliere had been some secondary' multi- 

on July 1-- before tlien, so the gradients, steep as tlicy arc, 

plication m steepness. The results of Waggoner (19o2) 

may obtained 9 days after artificial inoculaUon of the center 

in curve 4 were 
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from which sporangia later spread, those m curve 5 from another plot 
18 days after inoculation, during 9 days of which the weather was 
generally unfavorable for infection In addition, data are presented for 
the related fungus Feronospora destructor to make the records as com- 
plete as possible They are derived from the data of Newhall (1938) for 
downy mildew lesions per 100 ft of row, and no transformation was 
needed These various records are consistent m suggesting that, as a 
reasonable approximation at the low amounts of disease in which we 
are primarily mterested, the number of lesions falls off inversely at least 
as the fouth power of the distance from the source Tins result has been 
assumed in the calculation made for blight in Section 1I1,C In Fig 5 
(to be discussed later) two more curves are shown for Phytophthora 
tnfestans They are slightly steeper than an mverse — sixth-power gradi- 
ent The evidence from all the records that the curves at low amounts 
of disease become steeper than an inverse — fourth power gradient is 
statistically significant, but it is inadequate to say how steep they 
eventually become 

Curve 3 in Fig 4 is displaced to the right of curves 4 and 5 Dis 
placements will be discussed under the next heading But one reason 
for displacement seems evident here the source of infection for curve 
3 — the cull pile — was comparatively large and heavily infected, and was 
at a distance from the field, the sources for curves 4 and 5 were smaller 
and within the fields 

E Scales of Distance, a Txe between MuUtphcatton and Spread 

For illustration let us return to the chestnut blight fungus spread 
by migratmg birds There are two relevant features about birds during 
migration the flights are longer between pauses, and are oriented toward 
some particular destination The second feature— orientation — was cited 
as probably involved m making spread discontinuous The first feature 
—long flights— was ignored Making flights longer without change of 
orientation and without serious loss of inoculum during flight would 
make an epidemic spread on a larger scale (in the words literal mean- 
ing of relative dimensions) But it would not make a continuous spread 
discontinuous 

Consider the mverse square lines in Fig 3 The scale of distance 
for line D is exactly 1,000 times the scale of line A at any given level of 
infection Between any tivo given levels of infection the change from 
line A to hnc D is a change from millimeters to meters, from meters to 
kilometers In Fig 3 displacement to the right means an increase of 
Stale of distance 

Other things (including the strength with which the inoculum is 
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emitted at the source) being equal, longer flights by winged vectors or 
longer motions by the inoculum generally mean a larger scale of distance 
and displacement to the right Restricted motion, which one might 
expect of inoculum moving through heavy soil, would mean a smaller 
scale and displacement to the left. 

When disease spreads from a single point source of inoculum, one 
can define the scale of distance on a relative basis by saying that the 
scale of distance varies directly with the distance between two given 
levels of disease (which must be defined if necessary). When cun^es 



Fig 5 Amount of potato blight, P. infestans, at different distances from the 
source of inoculum. Data of van der Zaag (1956), given as transformed numbers. 
Explanation in text. 

relaHng disease and distance are plotted in a log-log graph and the 
displacement of the curves is fairly regular or when the t^vo levels of 
disease are selected close together, a change of scale of distance is read- 
ily determined graphically. 

Consider Fig- 5, which is constructed from data of van der Zaag 
(1956) for the spread of Phtjtophthora infcstans from an incompletely 
removed source of infection. The data for percentages of diseased plants 
have been transformed into the number of lesions per 100 plants. To the 
north of the focus (cur\'e N) the spread was less than to the south 
(cuiA’e S) Since the spread in both directions was from (he same source 
of inoculum, the displacement of cur\'e S to the right of curve N is the 
result of a changed scale of distance. Tlus is measured by the line OP, 
wliich represents an increment of 0.4 in the logarithm of the distance 
o a 5-fold increase in scale of distance at the level of disease at or 
near points O and P (log 2.5 = 0.4). Tlic arsiimcnt will have been 
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grasped in the simpler comparison between the straight lines A and D 
a few paragraphs back, and needs no further elucidation. 

The corresponding change in the scale of disease at the distance 
represented by points O and Q is measured by the line OQ, which repre- 
sents an increment of 2.5 in tlie logarithm of the number of lesions or 
a 316-foId increase in the number (log 316 = 2.5). At this distance 
there was about 316 times as much disease to the south as to the north 


as a result of a 2 5-fold change of scale of distance. 

The records of Waggoner (1952) for P. infestans in his plot at Clear 
Lake in 1950 on day eighteen show a scale of distance to the NNW about 
8 times as great as to the SSE. Since, approximately, disease varied in- 
versely as the fourth power of distance from the source (curve 5 of 
4), there was about 8^ or 4096 times as much disease over a given 
distance to the NNW as to the SSE. This result appears to have been 
due to wind. There is considerable evidence in the literature that wind 
can strongly alter the scale of distance. One reason why wind affects the 
scale in different directions is that more inoculum leaves the source in 
one direction than in another. 


To determine a relation between multiplication and spread, referred 
to in Section iy,A,3. consider a primary gradient set up in healthy 
plants surrounding a point source of infection. A primary gradient is one 
set up by inoculum derived directly from the initial point source with- 
out complications from secondary multiplication of disease in the zone 
of the gradient For example, curves 1 and 2 of Fig. 3 probably represent 
primary gradients of Dutch elm disease. Return to equation 7 and 
consider a boundary condition. While t < P, the quantity x't p taken 
here as the point source, is constant. Because the gradient is set up in 
plants healthy at the start, i e., when f = 0. the amount of disease at any 
‘han P and (fo^ „ given gradient) at any given distance 
from the source, will be proportional to the value of r’ prevailing over 
the period of the observations. Whence, to follow the reasoning in the 
previous paragraphs, ® 


^nive;Te determines the scale of distance, is the distance between 

r^erTtety ^Ln. ^ 

of ” ™ ‘“v'™ '“gather, the value 

b can, with reasonable accuracy, be taken as constant over As This 
featuro appears in all the airves in Figs. 3 and 4. especially at distances 
not too near the source. Tlicreforc the use of b here does not revive 
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equation I” but only the part of it that may legitimately be revived 
U I rccs^ry lat I sbouhl be positive; i-, there must be an aetual 

decrease of faX^ "bation period, 

Equation 13 bolds for tlmsc ^ ^ 

ivhieh effect r b“t „f ,he host-and such a range of 

mg r-from wind to the siiscepu ^ bacteria and vector- 

inoculum-from '“’’-b'’™® ^ jon about the effect on gradients is 
transmitted viruscs-any S™™ ,bat in tlieir effect on scale of 

difficult. It is. however. /cannot be distinguished one from 

distance the factors that dot Consider, for example, diseases 

another (except the ‘"^“bat P tj,at are immediate 

that spread mainly “by „,at these diseases multiply slowly, 

neighbors. It is common o p ^uUiply slowly because inoculum 

and it is gen«-'>’'y ‘'■/i/Sl/y cases one can use the opposite 

can only be spread by con < • , contact because they multi- 

argument; the diseases appear 

ply slowly for reasons that . bt facilitate an understanding 

A summary of the b^**® spread. We have been con- 

of the relation between P hence only with primary gradi- 

comed with a point source neriod. and hence with r' and not r. 

ents. hence not with comes from a source other than a 

as equation 13 shows. I . jbe incubation period and r may become 

point (e.g.. an epidemics tr i relation between r and the 

involved. A particular ^je „f wheat stem rust underlies the 

spread of the front ot an P ^be pathogen's birth rate 

Appendix. It is ®P® ^nd lesions are small, 

greatly exceeds its death rate an 

Ceeies of Vistonoe; the haw of Lesion Size 
F. Inverse changes in the distance scale on which 

We have been L think ot the problem from the oppo- 

a pathogen can spread. ^ i„ the scale of distance over which a 
site view and consider a g transmit disease. As an example we 
pathogen must spreaded 

may consider the la j^^t potential rates of multiplication me with 

The law is | infected plant is regarded as a smgle lesion 

small lesions ^ “hole plant. (The largest lesion is a systemital y 

extending c'’e\‘hc '™a.e p lOieJhose of potato 

infected tree.) In billionfold in a season, systemic diseases of small 

blight can multiply ten-thousandfold, and systemic diseases of trees 
herbaceous plants up Evidence Is given elsewhere (van der Plan . 

about tenfold ^ „sed to indicate that the relationship was 

1958). The word law 
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observed, not predicted. Only maximum rates are relevant; it is not 
relevant to know that in arid climates or immune varieties potato blight 
does not multiply at all. 

Two virus diseases with efficient aphid vectors are cauliflower mosaic 
and tristeza disease. Tlie number of cauliflower plants infected with 
cauliflower mosaic multiplies faster than that of orange trees infected 
with tristeza disease (van der Plank, 1958), Suppose cauliflower plants 
in a field could be enlarged to 10 times their normal size with all dis- 
tances increased in proportion: the plants would be 10 times as tall, 
10 times as broad, with the distance between them 10 times as great, 
and in rows 10 times as wide. Suppose one plant in the field is infected. 
The distance from any relative position on this plant to any relative 
position on a neighboring plant or any relative position on any plant 
in the field would be increased 10 times by the process of enlargement. 
The scale of distance that an aphid would have to travel to transmit 
the virus would be increased 10 limes, and the probability of a transmis- 
sion would drop, correspondingly, according to the gradient. Similarly, 
if orange trees in an orchard could be shrunk to one-tenth their size 
with all other distances shrunk proportionately, the probability of trans- 
mission would rise in accordance with a decrease to one-tenth of the 
scale of distance over which an aphid must travel. So, other things being 
equal, an aphid has a greater chance of transmitting mosaic between 
cauliflower plants than between orange trees simply because orange trees 
arc larger. The argument applies not only to vector-transmitted viruses 
hut to any sort of inoculum. It applies not only to systemic disease but 
to any lesion, a urcdosporc of a cereal rust fungus must travel over only 
a very small distance, a few millimeters, to fall clear of an isolated 
pustule on healthy tissue. Cereal rust pustules can multiply fast because 
the scale of distance the pathogen must travel is small. 

Inverse scales of distance are only one of the factors involved in the 
effect of size of lesion. Tlic incubation period (to mention another) is 
often longer in systemic disease; the effect of this period has already 
been given in equation 8. Forest trees seem to have resistance to virus 
diseases, s>stem5c bacterial diseases and systemic smut diseases. Oper- 
ating in the opposite direction is the factor of the size of plant f Section 

VI. D. I). 


V. nriDi:\fics IV Rixatiov to tiik AnuNnAscr. and 
D ixniinuTioN or Host Plants 

A. General 

Agriailtiire li.is im-anl bringing plants together in fields and— to 
meet llu* ever growing detnand for food— increasing the acreage of 
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these fields This raises hvo separate questions with which this section 
IS concerned 

First how does the bringing together of plants and increasing the 
acreage affect the prevalence of disease? The general answer is that 
disease is encouraged But there are exceptions, and increasing the 
acreage, if it means enlarging the fields without increasing their number, 
may at times even reduce the percentage of disease Also, apart from this 
exception the relation between disease and mtensifled agriculture is not 
simple Some diseases are more sensitive to mtensified agriculture than 
others, and increase relatively faster as the acreage is increased 

Tlie second question is how does the distribution of host plants 
affect epidemics? For example if the acreage remains constant, how do 
the size and distribution of the fields inBuence infection? The answers 

print for such exploitation, but it is hoped at least to indicate 
prints are entirely feasible 

B Disease in SusceptMe Plants Scattered among Immune Plants 
.nc I, u nlmfs together into fields normally mcreases the 

Although bringmg p among scattered host plants are not 

likelihood of diseas^ epi maloacearum attacks only wild and 

uncommon For example F western Europe within 5 years of 

garden plants Yet it spread through western 

Its first appearance ( jo^etimes be a necessary condition 
But bringing plants toge e„mple is provided by the "native’ 

for an epidemic to start A g der Plank, 1948) The 

potatoes of the mountains Uuzus pcrsicae, is abundant, and its 

chief vector of the potato vi u,qmfous ^The varieties have no great 

winter host, the peach, almost “ quickly when they are planted 

resistance to virus disease ^ow as they ordinarily do— as odd 

in garden plots But when • roadsides, there is little 

plants in the com fields or ^^“u„es have persisted for more than 
evidence of virus disease, an 

a century in good health , .,i,„„[elv used to control disease Plant- 
Mixed cropping has been commonly practiced in South 

mg squashes and mosaic disease In Denmark and 

Africa to control an ,, eed crops base successfully been 

England beet seedlings intend ,,wlci (Han- 

protected against virus ,dca has been extended Seedlings 

sen, 1930, Hull, 1952) In „„ ,.,,(,.eed with longitudinal and 

of beets are raised m beus 
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cross bands of barrier crops to give subdivisions about 20 yd long by 
5 yd wide The barrier bands are about 1 yd wide Oats corn, hemp, 
and sunflower are generally used (Hull, 1952) In England, Broadbent 
(1957) showed that narrow barriers of barley rows reduced the mci 
dence of cauliflower mosaic and cabbage blacb ring spot m cauliflower 
seedbeds, a matter that has already been mentioned m Section III, A as 
an illustration of a quantitative problem m sanitation There is a con 
siderable range m detail as one passes from mixed croppmg through 
shield crops to barrier crops but all are methods based on the reduction 
of the efiectwe movement of inoculum and all share the common feature 
that they are useful m practice only agamst a type of disease which we 
shall call a crowd disease, i e a disease that is likely to reach epidemic 
proportions only when the host plants are crowded together into fields 

C The ‘Epidemtc Point tn Crowding Phnts Together 
Before crowd diseases are discussed consider what happens when 
susceptible host plants are crowded together It is useful here to return 
to OUT introductory concept of epidemics as a matter of balance between 
the birth and death rates of the pathogen Brmging plants nearer to 
gelher increases the movement of moculum between them, and it m. 
creases the buth rate of the pathogen But it is unlikely to affect the 
death rate greatly (unless the padiogen or its vector is itself parasitized 
or preyed upon) When the poml is reached at which births exceed 
deaths the danger of an epidemic begms 

Take as examples three diseases of trees rosette disease of peaches 
swollen shoot of cacao and tristeza disease of sweet oranges on sour 
orange rootstocks All are caused by viruses that kill their hosts and die 
with them Rosette virus ordinarily spreads slowly from peach to 
peach and its birth rate is low However, its death rate is high, because 
It quickly kills its peach host which usually dies m the same season m 
which symptoms are first seen and then dies too Ordinarily, the death 
rate exceeds the birth rate, and the disease m peaches is self eradicating 
(Hildebrand ct al, 1942) although it occasionally flares up and affects 
a whole orchard (McClinlock ct al, 1951) Swollen shoot of cacao has 
the same features as peach rosette but not in quite such an extreme 
degree It spreads slowly, but not quite so slowly, it kills quickly, but 
not quite so quicklj, and infected trees maj suitmvc up to 2 years or 
longer TnstcTa disease has an abundant and efficient vector, Toxoptcro 
citrfekhir (among others), wlndi occurs in both winged and wingless 
fonns and Infection spreads rchlncly fast through an orchard in which 
T cflrfcfdiit occurs Tlic disease kills sweet oranges on intolerant root- 
stocks hut not \crj fast the trees go into a dtclinc that ma> last for 
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sevenl years Compared then with peach rosette citrus tnsteza has a 
higher birth rate and a lower death rate 

The three diseases form an mterestmg senes with regard to the 
epidemic point, which we define as tlie point m crowding plants together 
at which the birth rate of the padiogen exceeds the death rate * In peach 
rosette the epidemic point is usua]]} imaginary it is usuilly not reached 
even when peaches are in continuous ordiard formation The disease 
of peaches is usually sporadic and self elimmatmg and the virus per 
sists only because it has other more tolerant hosts such as the wild plum 
from which it spreads to peaches If epidemiology is die scaenoe of 
disease m populations m peaches this behavior is epidemiological 
hypersensitivity, comparable m its effect on populations with ordinary 
hypersensitivity in its effect wiflim the plant (Volume I Chapter 14) 
Swollen shoot of cacao has a lower epidemic point which was ap 
patently reached m West Africa between the World Wars when cacao 
production was expanding rapidly Before dien the disease in cacao had 
a long history of sporadic outbreaks (Posnette 1953), it was only after 
wards that the epidemic began to rage Tnsteza seems to have a fairly 
low epidemic point in countries in which Toxoptera citriadus is present 
m these countries the virus seems to pervade quickly all susceptible 
species of citrus killmg those trees which are on unsuitable rootstocks 
and saturating the rest 

It IS reasonable to suppose that with all diseases that cause primary 
epidemics the host plants are crowded beyond the epidemic point at 
least during epidemic years (The epidemic point will necessarily be 
lower in years favorable to the disease ) If the epidemic point is passed 
during the recorded history of mans crowding plants together there will 
be T discontinuous change from ^oradic disease to epidemic disease as 
has happened apparently with s\volIen shoot of cacao But where the 
epidemic point is low it was probably passed long ago and the process 
of intensifymg agriculture will seem to have a continuous effect— with 
epidemics becoming continuously more likely to occur 

D Crowd Diseases Changes in the Relative Importance 
of Diseases a Glimpse of the Future 

Crowd diseases are likely to reach epidemic proportions only when 
the host plants are crowded together they are diseases with a high 
epidemic point The inoculum is likely to have a high death rate (as 
when for example it cannot persist in the soil), or the mmement of 

• Th s definition is loose because the balance between births and deaths anries 
with X A precise definition would need to stipulate some arbitraiy i-alue of x at 
I^ich births should still escoed deaths 
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inoculum between separated plants is likely to be small because of 
a small seale of distanee, os reflected in a steep gradient and a low value 

of r or, more strictly, r'. ^ i 

By equation 11 the effect of variations in the amount of inoculum 
reaching a field is greatest when r is least. To make a long story short, 
consider only diseases like potato blight, the cereal rusts, and those virus 
diseases not transmitted directly through the soil or dead plant residues. 
Usually, the systemic virus diseases multiply more slowly than the local 
lesion diseases (van der Plank, 1958). Tlierefore, intensified agriculture, 
by bringing fields nearer together and increasing the movement of 
inoculum between them, is likely to advance epidemics of systemic virus 
diseases relatively faster than those of local lesion diseases. To some 
extent the trend has been observable during the past century of fast- 
rising food production. Plant pathology started as a branch of mycology, 
but became increasingly more concerned with virus diseases. One grants 
that much of this history has been fortuitous; had do Bary’s chief 
interest been in virus diseases, the history would have been different. 
But the change was not wholly fortuitous. 

Further, because diseases especially sensitive to the intensification of 
agriculture are, as a result of this characteristic, especially amenable to 
control by isolation and sanitation generally, plant pathologists can 
expect to be much more concerned with the theory and practice of 
sanitation in the future than in die past. 

E. The Effect of Making Fields Larger 
1 Inoculum Coming from Other Hosts 

Consider the finding of Wellman (1937) in Florida that cucumber 
mosaic virus, causing mosaic in celery, comes from other hosts such as 
Commelina nudiflora growing within 75 ft. of the field. For the sake of 
argument, accept this figure and ignore the possibility of some inoculum 
arriving from beyond 75 ft. or of vectors flying right over the field without 
settling in it. The area of a 75 ft. zone about a square field of 0 1 acre is 
0.86 acre, about a field of 1 acre it is 1 85 acres; about a field of 10 acres it 
it 4.95 acres. Thus 10 acres of celery divided into 100 square fields of 0.1 
acre, would draw infection from other hosts scattered over 86 acres; 
divided into 10 square fields of 1 acre, from other hosts scattered over 18 5 
acres; and concentrated into 1 square field of 10 acres, from other hosts 
scattered over only 4 95 acres (van der Plank, 1948). Concentration of 
the host plants into a single field of compact shape reduces infection from 
outside to a minimum. 

Probably one of the few occasions on which the percentage of disease 
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is reduced while agriculture is intensified is when infection comes from 
scattered hosts near the fields and acreage is increased by increasing the 
size of the fields and not their number. 

2. Inoculum Moving between Fields 

We shall consider here what happens when fields are made larger and 
correspondingly fewer, so that the total acreage remains constant. To do 
so we shall revive equation 12, but only to the limited extent that we use 
it as in Section IV D, to illustrate the gradient of disease Discussion will 
be limited to what happens before the onset of an epidemic, i e. to in- 
oculum moving into fields that are not already heavily infected, which is 

the only case of practical importonce. .r i i. j 

Assume that the fields are equal in size and uniformly shaped 
orientated, and distributed over the country. Making them larger and 
corresDondinsly fewer increases the average distance between them in 
proportion to *e square root of their average area, their shape and 
proportion to The average distance, not necessarily on 

orientation bemg “^.her^propagule) must tnavel from 

a straight posihon in the field of its origin to any particular 

any particu a reaches is proportional to the square 

relative post ion in the^first ^ 

root of the ^ ^ proportionality constant and A the average 

distance k. probability that a lesion (or, with systemic diseases, 

area of the fie ^ daughter lesion (or infected 

pkntfaTany particular point in the first field is, therefore, by equation 12 


_ a;«nnce the spore must travel to cross the first field, tliat 

The number of d.augliter lesions along its track across 

IS, the averag ^ to the square root of the average .area. TIic 

the field, is also p P ^ somewhere along the track can there- 

probability of a 
fore be taken as 

ak 

T ■ oTinthcr proportionality constant. Similarly, if (he 
where k is . probability of a daughter lesion in the second field it 

the first field, the pro 

reaches is 

ak 
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in llie tliird 


ttk 

and so on where h. h--- are constants. The prohahility of a daughter 
lesion in any field other than the field of origin is: 




The series 


_L 


+ 


i- 


+ 



may be taken as convergent when h > 1 because it is almost identical 
with the series 


S:jrG + 2>'''3‘'*‘ ' ' ') 

which is convergent when h > 1. Hence, when constants are collected 
together as K, 


P * 


aK 


(l>> 1) 


(U) 


within the limit of the initial assumption of uniformity. 

As an example of the effect of area, with an inverse-fourth power gi a- 
dient (which on present data seems a fair approximation to the behavior 
of Phytophthora infestans not too near its source ) , doubling the average 
area of fields and halving their number reduces the probability that a 
lesion will cause the development of a daughter lesion in some other field 
by 65%, trebling tlreii area reduces the probability by 81%. 

If one wishes to show that the number of daughter lesions in other 
fields follows the same trends, it must also he shown that the multiplica- 
tion of disease in the field of origin is not appreciably affected by the 
area of this field. This follows from ^ect observation. Increasing the 
area of fields reduces the amount of inoculum that escapes from the 
field of origin. If this affected the multiplication of disease there, one 
would expect gradients of disease within the field, the border being sig- 
nificantly less diseased than the center. Small border effects have indeed 
been observed: e.g., Thomas ct at (1944) found that peach yellow-bud 
mosaic occurred less in the outside row or rivo, when disease multiplied 
within .and the orchard was not exposed to infection from without, and 
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Storey and Godwin (1053) found that when cauliflower mosaic multiplied 
witliin a field the incidence was somewhat less in the outer rows. But 
these border effects are small and extend inward for only a few rows or 
feet. If they had been strong, they would long ago have received general 
comment, and one may infer that with the exception of very small plots 
and fields, the area of the field does not greatly affect the rate of multi- 
plication within. Tlie reason is not difficult to find The vast bulk of m- 
oculum released from a field falls back into the same field. Variations in 
the small proportion that escapes have a large effect on inter-field move- 
ment of disease, but very little on disease within the field of origin 
itself. 

F. The Paradox; in Praise of Large Fields; the Second Rule of Sanitation 

The paradox is this. Bringing plants together into fields increases 
the chance of epidemics, bringing them still further together, by in- 
creasing tlie area of the fields and correspondingly reducing their number, 
may reduce the chance of a general epidemic. 

In the literature of plant pathology it is common to read of the danger 
of bringing together the host plants of a pathogen. The indiscriminate in- 
dictment for bringing plants together is unjustified. Food must be grown, 
and it is time to write in praise of the large field. 

Take these two examples; swollen shoot of cacao can be controlled 
by sanitation, i.e., by cutting out diseased trees. But the scope for this on 
small farms is limited, and the difficulh’es have been described by Pos- 
nette (1953). “Each farm, consisting usually of less than 5 acres, has to 
be treated separately although it has no clearly defined boundaries, and 
from the standpoint of disease control about 50 acres is the smallest 
area it is practicable to consider as a unit. For treatment to have any 
permanent value, the unanimous co-operation (or at least the consent) of 
many individual farmers must be obtained, and no method of achieving 
this has been found. Consequently, the Ivory Coast, Nigeria, and the 
Gold Coast [Ghana) have each in hun been forced to abandon their 
onsinal plans for disease eradication and have had to adopt the expedient 
of a ‘cordon sanitaire’ around the heavily infected districts.” 

At the other end of the scale we read of the trend gardening has 
taken in the Everglade region of Florida in recent years (Anon>’mous, 
1957) Anyone farming less than a section or two of land — 1 or 2 square 
miles—is considered a little man in the vegetable patch. Celery fields 
are half a mile long. A celery harvester has been described that weighs 
60 000 pounds and carries a creiv of nearly 100 persons aboard. ^Veeds 
are cleaned out chemically. Tlie writer does not pause to mention such 
a trifle as disease, but if our inference from Wellman’s findings is cor- 
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rect (in Section V E, 1) celery mosaic from weeds must cease to exist 
as a practical problem 

If inoculum comes from oilier hosts— as cucumber mosaic virus m 
celery fields comes from Commelma and other weeds— making fields 
larger reduces the percentage of infection in the fields If inoculum 
moves from field to field, making fields larger and correspondingly fewer 
reduces the movement If sanitation is practiced within the field— as by 
using clean seed if the pathogen is seed-home, by rotation of crops if 
the pathogen persists m the soil, by rogiiing out diseased plants, and by 
planting disease free nursery stock — the size of field does not affect the 
process directly But miking fields larger and correspondingly fewer 
affects It indirectly by reducing the reentry of inoculum from without 
Guarding against the reentry of large amounts of inoculum is part of the 
process One can summarize all this in a second rule of sanitation efforts 
at sanitation are furthered hy making homogeneous fields, orchards, and 
plantations larger and correspondingly fewer 

The qualification that the fields should be homogeneous is implicit in 
all our arguments If, for example, part of a large field is sown with 
healthy and part with diseased seed, there is no necessary advantage in 
largeness, it would have been better to separate the two parts Sanitation 
needs common sense as well as common rules 

With diseases that spread slowly, such as some root diseases, the 
second rule may seem to have no urgency But these diseases spread in 
time, as experience shows, and the rule applies in time 

G The Reduction of Disease by Farm and Country Planning 
What IS discussed under this heading in five paragraphs, namely, the 
planned reduction of disease by the proper spacing and grouping of fields, 
may well have ra the future a chapter and then a treatise to itself This 
IS sanitation no different fundamentally from the destruction of alter 
nate hosts such as barberry bushes But we are concerned here not with 
other hosts but with the crop itself Two examples will illustrate the 
problem One of the chief reasons for epidemics of virus yellows of beet 
m England is the indiscriminate intermingling of the sugar and fodder 
beets with some 8000 acres of seed crops m areas naturally congenial to 
the aphid vector (Hull 1952) Concentrating seed growing into larger 
fields m fewer regions would reduce the chance of epidemics In Hoi 
land 80% of the surface of the area, De Streek, is down to potatoes, 
mainly the early maturing variety Duke of York, which is intensely sus 
ceptible to blight This (presumably) has come about entirely for reasons 
unconnected with blight, such as the suitability of the soil and climate 
For early varieties But the fact remains that the concentration of very 
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susceptible early varieties is evcellent planning of a countryside against 
blight, because the over-all damage is less than when very susceptible 
early and less susceptible mid season varieties are intermingled 

Tlie problem is to compute the e0ect of a change in the spacmg and 
grouping— the pattern— of fields The simplest way is to put matters on 
a relative basis, to use the existing pattern as a standard, and to com 
pnte how a change in the pattern would change the date of the onset of 
an epidemic Trom the gradients one can determine the percentage 
change in the number, i e , the relative number, of daughter lesions that 
a field acquires from other fields From the percentage change one can 
use equation 11 to determme At, the delay m the onset of the epidemic, 

1 e , the relative date If, to quote for illustration purely random figures, 
At IS 6 days, the date of onset might be postponed from July 20 to 26 or 
from August 1 to 7, or from November 12 to 18, the actual date, as dis- 
tinct from the delay, will not he estimated in advance But the estimate 
of the dehay itself is enough for an estimate of the gam in yield (from 
a knowledge of average dates of onset and average increments of yield 
with the development of the crop) From this one could judge whether 
any feasible m the pattern ^ 

me.a s“or umStm“- «-l.y be found The determin 
means or numerical ^ distances not near the source may 

padients, e p y . ^ made with those that release 

be difilcult, I the night and early morning or during 

their spores only in the be more easily deter- 

cloudy, wet weather S” ' ^ range of r values for different 

mined But collectmg an p jiferent conditions of the weather 
varieties, different ®=‘'“/‘''''VelseaseTsuch as potato blight, data al 
should not be difficult, or so ^ ge 

ready exist in the literature, 

calculated will vary The greatest beneBts 

The response of the y 5 _(,f(en a delay of months in the on 

from a change in the ° Ldient is steep and r is low (Steep gra 

set-can be expected when t ^ because they limit the area 

dients will also s™P'‘fy * as potato blight, with high values 

that must be scanned ) Uis inclusion in planning but can 

of r but steep gradients, are le P baUow gradients and high values 
not be excluded Diseases wi universality does 

of r are probably not worth p fungicides m phnt 

not condemn the ^ _ failure (up until now) to help much 

pathology is condemned by cereals One chooses a method b> 

m controlling the rust diseases 
what It will do. not by what It does not do 
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reel (in Section V,E, 1) celery mosaic from weeds must cease to exist 
as a practical problem 

If inoculum comes from other liosts— as cucumber mosaic virus m 
celery fields comes from Conimclmfl and other weeds— making fields 
larger reduces the percentage of infection m the fields If inoculum 
moves from field to field, making fields larger and correspondingly fewer 
reduces the movement If sanitation is practiced within the field— as by 
using clean seed if the pathogen is seed home, by rotation of crops if 
the pathogen persists m the sod. by rogiimg out diseased plants, and b> 
planting disease free nursery stock — the size of field docs not affect the 
process directly But making fields larger and correspondingly fewer 
affects it indirectly by reducing the reentry of inoculum from without 
Guarding against the reentry of large amounts of inoculum is part of the 
process One can summarize all this m a second rule of sanitation efforts 
at sanitation are furthered by making homogeneous fields, orchards, and 
plantations larger and correspondingly fewer 

The qualification that the fields should be homogeneous is implicit m 
all our arguments If, for example, part of n large field is sown with 
healthy and part with diseased seed, there is no necessary advantage in 
largeness, it would have been better to separate the two parts Sanitation 
needs common sense as well as common rules 

With diseases that spread slowly, such as some root diseases, the 
second rule may seem to have no urgency But these diseases spread m 
time, as experience shows, and the rule applies in time 

G The Reduction of Disease btj Farm and Country Planning 
What IS discussed under this heading in five paragraphs, namely, the 
planned reduction of disease by the proper spacing and grouping of fields, 
may well have in the future a chapter and then a treatise to itself This 
is sanitation no different fundamentally from the destruction of alter 
nate hosts such as barberry bushes But we are concerned here not with 
other hosts but with the crop itself Two examples will illustrate the 
problem One of the chief reasons for epidemics of virus yellows of beet 
m England is the indiscriminate intermingling of the sugar and fodder 
beets with some 8000 acres of seed crops in areas naturally congenial to 
the aphid vector (Hull, 1952) Concentrating seed growing into larger 
fields m fewer regions would reduce the chance of epidemics In Hol- 
land 80% of the surface of the area, De Streek, is down to potatoes, 
mainly the early maturing variety Duke of York which is intensely sus 
ceptible to blight This (presumably) has come about entirely for reasons 
unconnected with blight, such as the suitability of the soil and climate 
for early varieties But the fact remains that the concentration of very 
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susceptible early varieties is excellent planning of a countryside against 
blight, because the over-all damage is less than when very susceptible 
early and less susceptible mid-season varieties are intermingled. 

The problem is to compute the cfFccl of a change in the spacing and 
grouping — the pattern— of fields Tlic simplest way is to put matters on 
a relative basis, to use the existing pattern as a standard, and to com- 
pute how a change in the pattern would change the date of the onset of 
an epidemic. From the gradients one can determine the percentage 
change in the number, i.c., the relative number, of daughter lesions that 
a field acquires from other fields. From the percentage change one can 
use equation 11 to determine At, the delay in the onset of the epidemic, 
i.c., the relative date. If, to quote for illustration purely random figures, 
At is 6 days, the date of onset might be postponed from July 20 to 26, or 
from August 1 to 7, or from November 12 to 18, the actual date, as dis- 
tinct from the delay, will not he estimated in advance. But the estimate 
of the delay itself is enough for an estimate of the gain m yield (from 
a knowledge of average dates of onset and average increments of yield 
with the development of the crop). From this one could judge whether 
any feasible change in the pattern of fields is worth recommending 

It is not implied that the calculations would be simple, but ways and 
means of numerical computation can usually be found. The determin- 
ation of gradients, especially over distances not near the source, may 
bo difficult; among fungi, a start miglit be made with those that release 
their spores only in the cool of the night and early morning or during 
cloudy, wet weather: their gradients are likely to be more easily deter- 
mined/ But collecting an appropriate range of r values for different 
varieties different maturities, and different conditions of the weather 
should not be difficult, for some diseases such as potato blight, data al- 
ready exist in the literature, from which a range of values could be 


calc^at various diseases will vary. The greatest benefits 

from a change in the pattern of fields— often a delay of months in the on- 
set— can be expected when the gradient is steep and r is low (Steep gra- 
dients will also simplify the computations because they limit the area 
that must be scanned.) Diseases such as potato blight, with high values 
of r but steep gradients, are less apt for inclusion in planning, but can- 
not he excluded Diseases with both shallow gradients and high values 
of r are probably not worth planning for. This lack of universality does 
not condemn the method any more than the use of fungicides m plant 
pathology K condemned by their fadure (up nnld now) to help much 
m controlling the rust diseases of cereals. One chooses a method by 
what it will do. not by what it does not do. 
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Tli 0 general scope for planning is becoming more favorable under 
both poles of farming, capitalistic and communistic, because meclianiza- 
tion is introducing larger units and more freedom for organi 2 ation. n 
the evidence, there is already room for maneuver, at least with some 
diseases. 

H. Epidemics in Experimental Plots; an Epidemiological 
View of Field Experiments tn Plant Pathology 
In Section III, E we discussed secondary epidemics. Potato varieties, 
which although not immune are resistant enough to escape epidemics on 
their own, can become severely infected through the multiplication o 
inoculum received from susceptible varieties. Apples of the variety Deli- 
cious have resistance but not immunity to powdery mildew, and may be- 
come infected when interplanted with susceptible Jonathan as pol- 
linators. So, too, when one plants small experimental plots of resistant 
but not immune varieties in the same variety trial as plots of susceptible 
varieties, one can expect inoculum to move from tlie susceptible to the 
resistant varieties and initiate there a secondary epidemic that otherwise 
would not have developed. If the purpose of the trial is a demonstration 
of qualitative differences, no harm is done. But if the purpose is to put 
a quantitative value on the resistance, this value will be underestimated, 
possibly grossly, and the trial will give no indication of how the variety 
would behave in the hands of the farmer, which after all is the point of 
the trial. Smallness of plot magnifies the error because it magnifies 
movement of inoculum between plots. Also, resistance itself contributes 
to the error: the greater the resistance, the smaller the value of r, so, by 
equation 11, the greater the advancement of the date of onset of the epi- 
demic in consequence of the arrival of a given amount of inoculum from 
the susceptible varieties, and hence the greater the error in evaluating re- 
sistance, if the onset is early enough to affect the result. The first rule 
of sanitation (Section III,C) prevails in experimental plots as much as 
elsewhere; here it is in reverse, wiUi an advancement instead of a delay 
of the onset (i.e , with Af negative). 

Precisely the same argument holds in trials with fungicides. If the 
fungicide were perfect and conveyed complete protection in all circum- 
stances, no harm would be done by the proximity of unsprayed control 
plots. But fungicides ordinarily fall short of perfection, and the presence 
of unsprayed controls necessarily causes the value of the fungicide to the 
fanner to be underestimated. An example has been given by Christ 
(19CT). A fault on the right side, one may say, but it remains a fault. 

There has been a strange change of fashion. In the bad old days ex- 
perimenters dispensed with adequate replication. Their experiments were 
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often biologically sound, but seldom capable of statistical interpretation 
Nowadays we determine with great mathematical nicety the statistical 
significance of a result that has no reality outside the experimenter’s 
plots It seems that tlie statistician and the plant pathologist have each 
rvrongly assumed that the other has examined the techniques of field 
experiments in plant pathology and approved of them Better techniques 
could probably be evolved, perhaps by usmg plots of unequal size and 
euthng down subdivisions as much as is possible without interfering 
greatly with statistical efficiency But the real solution is to reduce the 
errors at then source If, for demonstration purposes, it is necessary to 
plant a resistant and susceptible variety together, or to have a sprayed 
and unsprayed plot together, it should be considered as a demonstration 
and left at that But if one wishes to evaluate new varieties quantitatively, 
they should be compared with others of about the same class susceptible 
varieties with susceptible varieties, moderately resistant varieties with 
moderately resistant varieties— each class m its mvn separate trial In 
fungicide trials one fungicide should be compared with another without 
an untreated control if the purpose of the trial is to deterrame which 
fungicide is the more efficient This will reduce the error, even if it 
does not entirely exclude it 

From these remarks one excepts diseases like many root diseases that 
spread too slowly for plots to interfere with each other 

VI The Host Plants 


A Conditions for an Epidemic of Disease m Annual Crops 

1 The Annual Rise and Decline of Epidemics Rules about Its Form 

Among annuals we include perennials and biennials grown as annuals, 

such as beet grown for its roots , , , , 

■c a«,r„nlo<iicallv the problem with annuals is to determme how 
Epidemiolog y substantial damage Heavy 

fo‘::eTcaroccm qmcldy Lough if small lesions multiply fast enough to 
losses conrritv of inoculum at the start, or if the amount of 

compensa e enough to compensate for a slow rate of 

inoculum a „t 1 lesions, or if each mdividual lesion causes damage 

mnltiplica (m for fow mitial moculum or slow multiplici 

great enoug countless gradations behveen these ways 

tion or wi* ,,,,, Accordmg to equahon 11 the higher the 

Consi annual epidemic of variations in the 

value of r, from the previous season, and hence the less 

of environmental factors other than those operating during the 
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season o£ the epidemic itself. The cUmatic and other risks are concen- 
trated and not well spread, and, as a general rule, one can expect large 
fluctuations from season to season. 

The same rule can be put more elaborately: the higher the value of 
f, the less likely is a nonrandom succession of epidemic years, provided 
that the variety of the host and the race of the pathogen remain un- 
changed. The provision is necessary to exclude what happens when a 
new aggressive race arises and causes successive epidemics until it is 
countered by new resistant varieties. 

Stem rust of wheat, caused by Puccinia graminis, illustrates this rule. 
Tile explosiveness of its epidemics indicates a high value of r,“ and the 
data compiled by McCallan (1946) show a wide fluctuation— from a 
trace to 2355 — in crop losses from year to year in the United States. Leaf 
rust, caused by P. triticina, which on the whole produces less explosive 
epidemics, does almost as much damage on the average, but within nar- 
rower limits, from 1 0 to 9.6% as one would expect from a lower value 
of r. 

Another rule, which needs little explanation, is: the higher the value 
of r, the steeper the rise, and, usually, the steeper the decline of an annual 
epidemic. The second part, about the decline, can only be inferred 
logically for low-priced crops such as com and wheat. With high-priced 
crops that justify a large fungicide account one cannot infer that inoculum 
drops to a low level beriveen seasons, even if r is high. 

2. The Fast Multiplication of Small Lesions with a Low Amount of 
Inoculum at the Start 

Because of a high value of r, sanitation is not very effective against 
diseases with these characteristics (Section III,C) unless it is under- 
taken thoroughly and extensively, as in a nationwide eradication of bar- 
berry bushes for the control of stem rust of wheat. Epidemics are typi- 
cally controlled by using resistant varieties (e.g., against cereal rusts) or 
fungicides (e.g., against late blight of tomato). Epidemics are typically 
widespread; they involve more than a few farms and commonly extend 
over whole countries or states. Tliis accords with what was said in Section 
IV. Epidemics tend to fluctuate widely from season to season. 

3. The Slow Multiplication of Small Lesions with a High Amount of 

fnoctilum at the Start 

TIjc root knot nematodes (itfclo/rfogiync spp.) of tropical and sub- 
tropical climates arc examples. Tlicy survive well from year to year. Tlic 
• Onr mniurit-al \-ahic Is calctilatcd In llie Appendix. 
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multiplication rate is relatively low, e g , one does not expect severe epi 
demies if the soil is only lightly infected at the beginning of the season 
Tins IS indeed the fundamental assumption in soil fumigation, which re 
duces the population of nematodes hut normally falls far short of 
complete eradication 

Because of a low value of r, diseases m this category can usually be 
controlled by sanitation, e g , by fumigation, isolation, clean fallows, or 
crop rotation Epidemics are typically local, i e , they may involve only 
a part of a single field Fluctuations from year to year are relatively 
small, one can normally predict fairly accurately what will happen one 
year from what happened the previous year 


4 Multiplication of Large Deslructwe Lesions and Systemic Infections 
If each individual lesion or systemic infection is very destructive, 
relatively slow multiplication of a relatively small amount of inoculum 
at the start will bring about a destructive epidemic 

Because of slow multiplication, sanitation is commonly effective 
( Section in, C ) Thus, for virus diseases of annuals, sanitation is the com 
monest recommendation for control An analysis of recommendations in 
the 1957 edition of Smith's "Textbook of Plant Virus Diseases establishes 
this point Epidemics tend to be local (Section IV, G) Evidence here 
IS strong, there does not seem to be a single example among annual 
plants of a disease with large lesions that spreads widely m a year with 
out man’s help One expects disease not to fluctuate wildly from year to 
year Evidence here is weak and confiicting Hull (1952) states that epi 
Lmics of virus yellows m sugar beet develop in a spiral over a period of 
years Peak outbreaks have never yet occurred in the root crop in England 
Lectlv after years of light infection, but have taken 2 or 3 years to 
develop But Wolf (1935) found no correlation betiveen the amounts 
of mosaic m consecutive tobacco crops on the same land, even though 
m lOS out of 229 fields the vnus was observed to overwinter in tobacco 

stubbles 


B Conditions for an Epidemic in the Annual 
Growth of Perennial Crops 

There is the same need for speed here, the new growth must be in- 
fected quickly enough for the epidemic to be destmctive 

Some diseases owe little to the perennial nature of the host, eg, 
, 1 rloes not usually play a significant part in epidemicss 

^femlX-n^^— The greatest effect 

ef perLniahty occurs_wh™ ''rj^^nr^^Epetriniti" 


1 apple orchard or vineyard or 
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as well as the annual new growth Inouihnn then commonly o\crw inters 
locally, e g , epidemics of apple scab start from inoculum released m 
spring from rotting leaves or infected twigs, epidemics of apple and 
grape powdery mildew start from infected bud scales 

Many of the diseases of the annual new growth of perennial crops 
are caused by fungi tint multiply fast m small lesions They differ from 
corresponding diseases of annua! crops in often having a larger initial 
source of overwintered moculum Consequently many tend to be par- 
ticularly destructive, and must be bept under control by the lavish use of 
fungicides It is a matter of fact that the greatest sales of fungicides (ev- 
cluding seed dressings) are for use against diseases in this category The 
crops must be productive enough in terms of money to pay the hill 

C Epidemics of Disease in Perennial Tissues 
1 Plants Grown from Seed 

The diseases m coniferous forests fall wilhm this group, as well as 
many diseases of hardwoods, plantation crops, ornamentals, and the hbc 
In agriculture one is concerned largely with epidemic disease, in for- 
estry, largely with endemic disease With indigenous pathogens of indig- 
enous trees growing under natural conditions, inoculum has existed 
over a long period, and a balance is struck between pathogen and host 
Disease control is primarily a matter of a, forestry practice to maintain a 
reasonably healthy balance, b, selecting suitable sites for species adapted 
to the locahty with stock grown from seed of suitable origin and with 
the appropriate composition and management of the stand There may 
be small local and temporary epidemics, but the general ecological pat- 
tern IS of a stable community of pathogens and hosts In the language of 
this chapter there is no multiplication and no spread, inoculum is peren- 
nial, and within limits the area of the forest has little eEect What we 
have been discussing is inapplicable — ^which emphasizes the point that 
this chapter is concerned only with epidemic disease and not disease m 
general 

With introduced pathogens or introduced hosts a new balance must 
be struck, and it is commonly very unfavorable to the host Examples 
are chestnut blight, Dutch elm disease and swollen shoot of cacao Epi- 
demics of disease following new combmations of host and pathogen 
seem to be much hke those of disease m annual plants, except that the 
tune scale is different, one can conveniently plot the progress of the 
epidemic m years rather than weeks 
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2 Dangers of Vcgctalwc Vropagalton 

a Special Danger from Sijslemic Disease Although the material used 
for vegetative propagation can carrj' tlie inoculum of local lesions, it is 
especially dangerous for systemic disease In Plant Diseases,” the 1953 
Yearbook of Agriculture of the United States Department of Agriculture, 
about 8S of the space given to diseases of plants grown from seed is 
about viruses Tor vegetatively propagated plants the figure is 28* It is 
largely because of the property of systemic infection that viruses are so 
dangerous in plants propagated vegetatively 

b Danger from Longevity Many of the clones used m agriculture 
and horticulture are old The bulk of the citrus fruit of commerce comes 
from varieties 80 years old or more Old apple varieties remain highly 
popular The potato varieties Russet Burbank, Irish Cobbler, and White 
Rose 'which rank second, fourth and sixth, respectively, in the United 
States are all very old Tins longevity provides the span needed for a 
slow epidemic-wlnt in Section 1,C was called a low death rate epi 
demio It IS one of several factors m the accumulation of virus diseases 
so that for example, it is rare to find a single healthy clonal citrus tree, 
as experience with the Florida budwood certification scheme shows 

(N^am^956) danger of perpetuating the virus) is the 

one usually considered in references to the danger of virus diseases in 

“ t:r:::tf mfeetivn Figum 

rvTv 1 - o nf leaf roll infected potato plants loosely clustered about 
heti:: to was fte original source of inoculum Within the nest and 
tne pia which are the mam direction of spread, there 

especia y “ ® contacts between diseased plants contacts that 

are ^“7 spread of a systemic disease Withm the nest diseased 

are harm healthy plants outside the nest, the deeper 

plants are P greater the separation and the less the 

orSnsmtion topose that the field of potatoes had been 
ehance -phere would hale 

harvested ^ scattering of diseased tubers among healthy 

been a .jj,, „c,v crop grew there would bo new random con 

ones, so tna , and healthy plants that would allow a less 

tacts j f gfggUon The phenomenon is general When systemic 

hindered „ fgcus in an ordiard to form a nest of diseased 


disease spreads 
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trees, there is a similar automatic brake on further spread and a similar 
release of that brake every time buds are randomly collected as propa- 
gating material for a new orchard. 

The danger from this source is greatest when r or r' is small, as it 
usually is with systemic diseases of trees in particular (van der Flank, 
1958). For reasons given in discussing scales of distance in Section 
IV, E the smaller the value of f, the greater the tendency for diseased 
plants to cluster, hence the stronger the automatic brake and the 
greater the benefit to the pathogen of a random use of propagating 
material m establishing a new orchard or field. One could paraphrase 
this in general terms by saying that the feebler the pathogens own 
power of spread, the greater is the relative benefit to it of man’s mov- 
ing propagating material around, and that feeble powers are on the 
whole likely to be found in systemic pathogens of trees. 

d. Danger from the Infectiotis IncompatihilUtj of Scion and Root- 
stock One of the worst epidemics on record, that of tristeza disease 
of citrus in South America, resulted from what in the event proved to 
have been an unfortunate choice of rootstock. Typically, tristeza was 
found in sweet orange on sour orange rootstocks although other com- 
binations were involved. Neither sweet orange on sweet orange stock 
nor sour orange on sour orange stock suffered noticeably. The disease 
was one of a combination of species, not of single species. 

The key to the understanding of tristeza is the difference between 
transmission by grafting and by vectors. Infected sweet oranges har- 
bor with apparent tolerance a virus component which is readily trans- 
missible to sour orange seedlings by grafting, and causes them to be 
stunted. But although this component is freely transmitted by vec- 
tors such as Toxoptera citricidus from sweet orange to sweet orange, 
it has not bew found in adult sour orange trees even when they grow 
beside infected sweet oranges in a vector-ridden orchard. Sour orange in 
the orchard is resistant to systemic infection by vectors of this particular 
component. But when one grows a sweet orange scion on a sour orange 
rootstock in a tristeza-infected locality, the sweet orange foliage acquires 
the component by vector transmission, and the sour orange rootstock 
acquires it from the scion across the graft union. The result, it seems, is 
tristeza (McClean and van der Plank, 1955). 

To generalize, the necessary conditions for infectious incompati- 
bility betiveen species neither of which shows marked symptoms on 
its own roots arc probably that both species should be susceptible by 
graft transmission, that one or both species should be resistant to sys- 
temic infection by vectors, and that one but not both species should 
be tolerant of the pathogen or particular strain of it. Exocortis of sweet 
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orange on trifoliate rootstocks is probably an example in winch both 
species arc resistant to systemic in£ection by vectors (no vector is 
k-nown) Incompatibility in sucli a combination is normally the result 
of using infected material in the nursery 

e Pcmiaous Nursery Practices, Contamination During Handling 
It would be unrealistic to ignore the part that pernicious nursery prac 
tices can play in increasing diseases which on their own increase 
slowly Rootstocks have been rebudded after the first buds have failed, 
sometimes with a different vanety Rose nurserymen have been known 
to obtain an abundant source of material for rootstocks by cuttmg 
stocks off above the bud union and reusing the cuttings after rooting 
them for a new lot of buds the following season 

Rather different m type because the practices are not in themselves 
reprehensible is the spread of inoculum while handling the material 
for propagation Ring rot, caused by Corynebacterium sepedonicum, 
black leg, caused by Erwtnta phytophthora, and the virus disease 
spindle tuber arc transmitted by the knife used to cut seed potatoes, 
and, other things bemg equal, epidemics are more common when seed 
IS cut and not planted whole 

f Genetic Uniformity of Clones Apart from mutations, a clone re 
mams genetically uniform If a pathogen can attack the clone, genetic 
conditions are uniformly favorable to disease — a point sometimes 
stressed On the other hand, if the clone is resistant, conditions are 
uniformly unfavorable to disease — a point sometimes overlooked The 
problem is part of a wider problem discussed in Section VI, E The 
danger of secondary epidemics in crops not uniform in resistance has 
been mentioned m Section III, E 

g Disease in Relation to Vegetative Propagation tn Nature Plants 
propagated vegetatively are common in nature, ranging from sod 
grasses to suckenng trees As a group they do not seem to be especially 
liable to disease In them vegetative propagation is pnmarily a matter 
of longevity and (presumably) of genetic uniformity In particular, 
there is no randomization of sources of infection Members of the clone 
stay close together, even when propagation material is released from 
the air, as the bulbils of Agave To put the matter teleologically (purely 
for the sake of brevity*), nature does not make the mistake of dis 
tnbuting this materni as she distributes seeds and fruits Only man 
makes this mistake, and gives the pathogen a mobility it would other 
wise not have 

The dangers of vegetative propagation usually stressed m the liter 
ature are the dangers of perpetuating the pathogen in the clone, i e , 
the longevity factor, and the danger of genetic uni/ormrtv If those 
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were the worst dangers, the prospects of improvement would not be 
hopeful, because the dangers would be inherent in the core of the 
process of vegetative propagation. But with vegetative propagation m 
nature as a background one doubts whether they are. An assessment of 
disease factors in vegetative propagation in agriculture and horticul- 
ture seems overdue. In particular, it should be assessed whether vege- 
tative propagation is in fact inherently dangerous or whether we arc 
not making it more dangerous than it need be. If, as one might guess, 
much of the trouble starts from the randomization of sources of in- 
fection, it should not be beyond the ability of man to devise means 
of curbing that randomness. Partial curbs are already being applied: 
perhaps the best-known is tuber-uniting of potatoes (cutting seed 
potatoes and planting the pieces together in sequence). But more 
could be done, and pathologists might take a broad look at the disease 
problem in vegetative propagation to see whether they cannot cut it 
down to size. 


D. Epidemics of Systemic Disease 
1. Relation with the Size of the Plant 

In Section IV, F a systemically infected plant was regarded as a 
single large lesion. Between small plants growing close together in 
narrow rows inoculum has less distance to travel than between large 
trees proportionately widely spaced. Other things being equal, an in- 
dividual vector, for example, will transmit disease more easily between 
the small plants than between the trees. But there in another quite 
different problem. If large plants are scattered among the small plants 
without change of spacing, the large plants are a bigger target for the 
inoculum and are more likely to become infected. Because it is implicit 
in the concept of systemic disease that only one successful transmission 
is needed to infect the plant, these large plants will be expected to de- 
velop a larger percentage of systemic disease than the small plants 
among which they are scattered (van der Plank, 1947). Some figures 
of Broadbent (1957) can be quoted. In cauliflower seedbeds the infec- 
tion with cauliflower mosaic was 37.5% in large plants, 6 5% in medium 
plants, and 0.5% in small plants. The corresponding figures for cabbage 
black ring spot were 13.8, 7.0, and 2.4%, respectively. 

2. Relation toith the Number of Plants per Acre 

Suppose plants are being infected with a systemic disease caused 
by inoculum coming from outside the plants, e.g., plants infected with 
air-borne or vector-home inoculum entering the field from another 
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field or plants infected with inoculum from the soil in which they 
grow. Consider, for example, two fields exposed to a uniform invasion 
of migrating infective insects. If m, and m. are the mean number of 
transmissions of inoculum per plant in the two fields and Xj and the 
proportions of disease developed, 

1 — Xi = 

1 — Xj = r"”'’ 

according to the Poisson theorem. Hence, 

log (1 — Xt) ^ 
log (1 — Xj) nii 

The mean number of transmissions per plant can reasonably be as- 
sumed to be proportional to the number of vectors per plant, and, be- 
cause the vector environment of the two fields is uniform, this is in- 
versely proportional to the number of plants Ui and nj per unit area in 
the two fields. Thus, 

wij ni 

and 


log (1 - Xi) _ 
log (1 — X 2 ) ni 


( 16 ) 


This relation (in a slightly different outward guise) was used by 
van der Plank and Anderssen (1945) foi the discussion of infection of 
tobacco With tomato spotted wilt virus. The virus is brought into fields 
by thrips which apparently settle randomly and do not spread the 
disease from tobacco to tobacco. The percentage of disease varied ^vitll 
the ne/jjber of phnts per vmt area in the xtumner predicted hy eqica- 
tion 15. 

If the proportion of infection is low for a given disease and vector 
one may simplify matters by an algebraic transformation, and as an 
approximation, write 

Xi nt 


If Hi and H 2 are the number of infected plants per unit area in the two 
fields, then 


Ml — riiXi 
Mi = nUi. 


So, as an approximation when the proportion of infection is low 
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With systemic disease, if inoculum entere the crop randomly and if the 
proportion of infection is low, the number of infected plants per unit 
area is constant and independent of the density of the stand (van der 
Plank, 1947) This relation was observed experimentally by Linford 
(1943) without a realization of the condition that the proportion of infec- 
tion must be low Pineapple plants were spaced 12, 15, and 18 inches 
apart in the row, giving populations of 21,780, 18,150, and 14,520 plants 
per acre, respectively The same number of plants per acre developed 
yellow spot, caused probably by tomato spotted wilt virus and earned 
m randomly by thrips The percentage of infection was low (3 3, 4 6, 
and 52% for the 12, 15, and 18 inches spacing, respectively), so the con- 
dition underlying equation 16 is satisfied, and the number of infected 
plants per acre was 720, 820, and 760, respectively 

In modem agronomy there is a trend toward high plant populations 
per acre From the point of view of disease levels this is a trend in the 
right direction for crops menaced by vascular wilt diseases and other 
systemic or quasi systemic diseases A simple expenment makes a useful 
demonstration tomato seedlings growing sparsely spaced in trays are 
easily mfected at suitable temperatures with bacterial wilt when a cul- 
ture of Fseudomonas solanacearum is poured over the soil, but it is 
much more difficult to infect a high proportion of tightly crowded 
seedlings 


E Effect of Genettc VanabiUti/ of the Host 

1 Effect of the Type of Propagation on the Prevalence of Disease, an 
Economic Factor 

In what type of plant are epidemics of disease most likely to be 
common? Stevens (1939, 1948) presented evidence that self-pollmated 
plants and vegetatively propagated plants have most disease, and came 
to the conclusion that no disease control measures yet put into practice 
equal in efficiency on a broad scale the natural ability of a cross 
pollinated crop to protect itself through variation He regards imi 
formity as dangerous His evidence came both from the volume of 
publication of diseases in the United States and from McCallan’s (1946) 
list of outstanding diseases in the United States 

Tlie lowest disease ratings were for the group of cross pollinated 
plants grown from seed com, sugar beet, and sweet corn (The evi 
dcnco IS for the days before hybnd com became popular ) But one 
must be careful about deductions from this Tlie group is dominated by 
com Com is indigenous to North America Disease of indigenous crops 
caused by native pathogens tends to bo on an endemic rather than epi 
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tlemic level The outstanding diseases of com in McCallan’s list are 
root, stalk, and car rots, and smut These are recognizable as usually en 
dcmic diseases The difference in disease between cross-polhnated in- 
digenous com and self pollinated introduced wheat and oats has still 
to be traced convincingly to the method of pollination 

Tlic highest disease ratings were for vegetatively prop<agated 
plants potato, apple, sweet potato, peach, strawberry, pear, and cherry 
A glance at tins list shows the economic fallacy m trying to compare 
these crops with com If the gross return of money per acre were no 
more for unblemished apples than for corn, epidemics of apple scab 
would be rare, because no farmer could afford to grow apples ex- 
cept where scab epidemics were rare or until resistant varieties were 
available Tlic economic argument is obvious epidemics are frequent 
in crops that give high gross returns of money per acre because these 
arc the only crops that can support frequent epidemics The bearing of 
ibis argument on disease in vegetatively propagated crops is clear If 
one takes tins into account, together with the fact that there are sev 
oral dangers (discussed in Section VI, C, 2) in vegetative propagation 
that have nothing to do with genetics, one remains unconvinced on 
any evidence yet presented that there is any substantial genetic reason 
why plant pathologists should deplore vegetative propagation 

Consider, for example, blight in potatoes A genetic objection to 
vegetative propagation might seem plausible if, wlien blight first struck 
in the 1840’s, the European potato industry had relied on only one 
or two clones In point of fact it seems that varieties were then almost 
indescribably numerous (Among other reasons the raising of new 
varieties was the obvious counter to the accumulation of virus diseases 
in the absence of an organized seed potato industry, and local varieties 
were often the result of poor roads and no radroads ) 77iese vanefies 
were very diverse in respect to maturity, response to length of day, 
growth habit, and the size, shape, and color of the tuber If there was 
a lack of diversity of resistance to blight, it would be difficult to argue 
that it came from vegetative propagation 

Admittedly, experience during the last 100 years suggests that there 
IS not adequate resistance within Solanum tuberosum for the develop 
ment of resistant, early maturing varieties A likely reason is that S 
tuberosum came from the Andes where blight is not endemic, and 
breeders are now convinced that for higher resistance they have to go 
to other species of Solarium (also vegetatively propagated) native to 
the parts of Central America where Fhytophthora mfestans is probably 
also native Vegetative propagation seems to have little or nothing 
to do with the matter 
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Admittedly, too. blight in the ISdOs caught the potato with its 
defenses down. But during recent years Puccinia pohjsora has caught 
cross-pollinated com in Africa with its defenses down. One reason, 
which has nothing to do with vegetative propagation,^ seems 
before these epidemics potatoes in Europe and com in Africa had a 
long history of freedom from these fungi. ^ 

One grants that a wide range of genes is desirable in any crop; but is 
this more difficult to maintain or to draw upon to block an outbreak of 
disease in a diversity of clones than in a diversity of individuals in a 
cross-pollinated variety? With this diversity in reserve is there no case 
for uniformity of resistance to a disease; and must one consider the ap- 
parent value of uniform resistance as illusory, even though there are 
many examples of clones with long-lasting resistance? 

2 Rise flud Decline of Epidemics Caused hy Foreign Pathogens 

Many of the greatest epidemics of plant disease have resulted from 
organisms introduced newly into a country: in Europe, blight of pota- 
toes, powdery and downy mildews of grapes; in America, blight of 
chestnuts, blister rust of pines, and Dutch elm disease are familiar ex- 
amples. Some introductions remain obscure because they find condi- 
tions uncongenial. Others find conditions to their liking and host plants 
with only weak defenses against attack. An epidemic follows. Wlien 
the host plant is a tree that cannot quickly be replaced, the epidemic 
runs its course, and, in the short period of man’s interest, seems to 
reach a destructive end. Dial, for example, is the history of chestnut 
blight in North America. But with short-lived crops adjustments are 
usually made quickly, the crop may be shifted to another area, fungi- 
cides may be used or cultural practices changed, or resistance may 
Vic accumulated by selection (conscious or unconscious) with each 
new generation of the host (provided that there was resistance avail- 
able for accumulation). After an initial rise, the epidemic declines to 
a less devastating level. 

Potato blight in Europe is an example. After the great epidemics 
of the 18-10 s, blight settled don-n and, even before the discovery of 
Bordeaux mixture, caused milder losses. In the process the old varieties 
disappeared and new ones appeared. One can rcconslnicl somelhing 
of the early epidemics from old varieties that have survived. Dicrc is 
documenlaiy r\-idcnco of the introduction of potatoes into Basutoland 
in 1S.D from the Cape Colony (van dcr Plank, 1919a). Die background 
it probable that the inUial source xvas Europe. Dicsc potatoes 
tnw wntiiiual to grow in the mmmtains, under conditions not vcr>' 
f.uwahle to blight. Hecvntly many of these varieties were tcslctl for 
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possible use as parents in a breeding program It was found tliat tliey 
were mtensely susceptible to blight, even varieties with a hte maturity, 
which nowadays m Europe almost mvanably goes with high field resist- 
ancei were very susceptible If these vaneties represent European pota 
toes before 1840, the calamitous epidemics need no further explanation, 
and those who grumble about poor progress toward blight resistance 
do so in Ignorance of the very great advance that has already been 
made in exploiting what genes there are for resistance m Solatium 
tuberosum 

F Vulnerability and Resistance of the Host to Disease, 
a Matter of Natural Selection 

The question of the type of plant in which epidemics are most likely 
to be common can be probed from another angle the geographical and 
ecological position of the plant before it was taken into cultivation Tins 
has been much better understood m forestry than in agriculture 
The fundamental concept is that of vulnerability A state of vulnor 
ability means that circumstances are favorable for attack and liarm 
by appropriate pathogens Vulnerability must not be confused uith 
susceptibility Indeed, m nature they are to a great extent mutuilly e\ 
elusive a species can be in a very vulnerable state or it cm be very 
susceptible, but it is unlikely for long to be both vulnerable and sus 
ceptible Natural selection xvill see to that * 

To give an example of geographical vulnerabilitj. North American 
plants have been vulnerable to North American patliogens and, if 
brought into cultivation m tlicir natural habitat, are likely to ha\c some 
measure of resistance to them Extended, the argument brings one to 
the well knoxvn fact that epidemics are more common if either tlic host 
or the patliogen has been introduced 

To give examples of ecological vulnerability, ecologically dominant 
plants — plants in a more or less pure stand — are more vaiincrabic tlian 
those in mixed stands because inoculum can more casil> spread between 
tlicm Perennial plants are more xailncrablc to systemic disease than an- 
nuals because systemic disease (usually) persists for the rest of tlic 
life of the plant. 

Dominant longlucd trees — redwoods, pines, cucilypts, and tlic 
are, because of their ecological state, hichly \ailnerablc to viruses 
and on the geological evidence many have been so continuously for mil 

• Natural selection is implidl in tl»e wl»oIe argument Tlif* the cr-jtcnjr) of 
iIk. publicatim l«) Darwin and Wallace of their rsv»\, and plant pallwlaj:! U can 
havts liltic satisfaction in the thought flat 100 yrars Jiasc gone h> tl**" 

gri'at»-st ctJuct^lt In hiolog) liasirig left nion tlian a icratcli on lleir jul)<xt 
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lions of years That they have survived destruction by harmful viruses 
implies great resistance, and up until now no virus disease has een 
recorded in them The argument for dominant long lived trees holds 
also, although sometimes to a lesser extent, for dominant perennials ot 
any sort, such as the dominant grasses of veld and prairie Great vul- 
nerability can be expected to have required great resistance, which 
seems to accord with the facts, because there does not seem to be a 
single record of natural infection (let alone an epidemic) by a harm u 
virus of any plant species that has achieved ecological dominance an 
IS growing m its natural environment Exceptions may yet be found, 
but they are unlikely to alter the general conclusion that there have 
been epidemics of plant virus diseases only because we have taken 
into cultivation a lot of annuals and other plants with no background 
of ecological dominance in nature 

Tolerance must be grouped with resistance here, and the discovery 
of harmless latent viruses in ecologically dominant perennials would 
not invalidate the argument in any way 

Tliese examples illustrate the connection between vulnerability and 
rcsistince One point is still very obscure Geographical vulnerability 
can explain why epidemics are more common with foreign pathogens 
or in foreign hosts But can ecological vulnerability sometimes lead to 
general resistance, even against foreign pathogens? So far, e g , the red- 
N\oods, pines, and cucalypts have remained free from harmful virus 
diseases despite international commerce and movement of viruses It 
N\ould he a mistake to reject the possibility of general resistance as 
far-fetched just because one cannot for the moment point to the 
mechanism 

Arn^nix A Suggestion ron the Control or Stem Rust of Wheat 

W^icn this chapter ^^as written, it was realized tint stem rust of 
wheat, caused b> rucctnla grammis tnhet, behaved m man> ways like 
hhght of potatoes Rowell (1957), testing a method of inoculating wheat 
willi rust spores earned in oil, had published an S shaped progress curve 
for an attack of race 15B on Marquis wheat From this curve one cnl- 
cuhtis tint r was aliout 507 per da> between July 4 and 10, 1936 But 
the work of lla\dcn (1930) had not been seen Without knowledge of 
r and ibe appropriate equations llavden was not in a position to sec 
ftilh tlu* cipilil significance of his results 

Wlien Race 1511 n iclietl cpiphvtotic lc\e!s. it was observed tint 
tlH* varlitics U*e and Sentry were less severely damageel linn Marquis. 
Mull. Carltlnn and Niiggit. even tlumgli all tlicsc vantlics (I-co and 
Snitry includnl) wire fiilK “susceptible,- in tlic sense lint ibc infee- 
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tion types with Race 15B were 3 or X -f- to 4 Hayden inoculated these 
varieties with Race 15B when all had headed except Marquis and Carle 
ton, which were in the boot stage Relatively little difference in yield 
resulted between plots inoculated with heavy and light concentrations 
of spores with all varieties except Lee and Sentrj' When exposed to 
light concentrations of spores, the yield of these two varieties was de 
pressed much less than that of all other varieties As inoculum was in 
creased from light to heavy, the yield of Lee and Sentry more closely 
approached that of the four other varieties (By equation 11 the effects 
of varymg amounts of inoculum at the start are greatest when r is least ) 
Hayden inoculated plants with Race 15B m the center of plots The rate 
of spread of rust from these centers was lowest in Lee among the bread 
wheats and in Sentry among the durums (By equations 8 and 13 with 
a given incubation period and environmental conditions, the rate of 
spread of a given pathogen is determined by r ) Hayden inoculated 
plants with spores On the “susceptible” vaneties except Carleton which 
was not included m the test, the inoculations produced fewer lesions 
per culm on Lee among the bread wheats and on Sentry among the 
durums 

From these results there is little doubt that Lee and Sentry have 
lower r values, and that these relatively low r values are at least in 
part the result of a resistance to infection which cannot possibly be 
reflected m the accepted criterion of “susceptibility' an X, 3 or 4 type 
of reaction The resistance of Lee and Sentry to Race 15B is com 
parable with that of the potato vanety Noordelmg to Phytophthora 
tnfestans, discussed in Section IILE In each case there is a certain ap 
parent tolerance in the sense that the varieties fare better than others 
in an epidemic, and this tolerance is in reality partial resistance mam 
fested as a low value of r Partial resistance has long been recognized 
and is considered to be polygemc and not greatly affected by the race 
of the fungus It will be assumed that this ts so 

There is nothing ongmal in a suggestion that tolerance in some 
form or other might profitably be used to lessen losses from rust The 
suggestion has often been mooted But our recommendation is not just 
tolerance, valuable though it be, but cumulative delay A rust epidemic 
adequately delayed is no epidemic at all 

Let us rewrite equation 5 as follows 


. 230 , 

- (i = —log 


Tt(l - X,) 
X|(l — T.) 


The time taken for an epidemic in a field to develop from an> given 
level of infection Xi to any other given level x- is invcrsel) proportional 
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to r. But the same idea applies to an epidemic in its whole course from 
field to field, from country to country. If the values of r of all sus* 
ceptible” variedes could be halved, then every step which before took 
1 day would now take 2, other things being equal. One pictures the 
whole epidemie process occurring step by step in the same order as 
before, but with each step now taking twice the time. An epidemic 
which before needed 2 months to travel from Mexico to Canada would 
now need 4, other things being equal. Epidemics starting from infected 
barberries or wild grasses would be delayed in the same way. 

Let us consider the errors. The reasoning is not true of the relatively 
short time that spores are actually air-borne between fields. Another 
error comes from lesions’ growing old and sterile. This error is on the 
safe side, ie., it makes equation 5 undervalue the benefit of reducing 
r. The condition that other things be equal is unattainable. Here too 
the error is likely to be on the safe side. Rust epiphytotics occur as a 
result of particularly favorable combinations of climatic conditions, and 
these are less likely to extend over, say, 4 months than over 2. Finally, 
an error comes from the incubation period’s effect on the disease progress 
curve (Section II, A, 2). Here too the error is on the safe side, because 
if, e g., factors counterbalancing this effect make the curve for a high-r 
variety sigmoid, they will make the curve for a low-r variety progressively 
flatter than sigmoid. 

Because the delay is cumulative with the progress of the epidemic, 
it might seem that on the main North American rust track the benefits 
of delay would increase from south to north: that Canada would gain 
more than Mexico. Perhaps this is true. But the south in turn gets in- 
oailum from the north, so the process is not just one way. 

Suppose it were agreed that after some specified date no new vari- 
eties would be released unless they had relatively low r values. There 
would be an immediate local benefit to farmers who planted tliese 
varieties, a benefit of the same sort as that gained by those who planted 
Leo and Sentry during the recent epidemics of Race 15B. But hopes 
would go far beyond that—to the Ume when low r varieties had ac- 
cumulated along the rust track and delayed general epidemics out of 
existence. If all stales along the rust track pursued a policy of en- 
lightened local self-interest and released only low r varieties they 
could expect both an interim and a final dividend. Tliat is our sug- 
gestion. 

It would probably bo easiest to determine r comparatively. Lee or 
Sentry might, for csamplc, be used as a standard for testing against Kaco 
ISn tbore varieties lliat have a “sosccptible” reaction to this race. Tlie 
easiest, but not tbo only, way of producing suit.ible new v.arietics would 
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be to use breeding mitcri'il susceptible to one or other race But it is 
not tile aim of tins appendLv to discuss methods of breeding it is to 
describe tlie benefits that could be expected from stable polygenic 
resistance manifested as relatively low values of r and to stale how 
this resistance could best be used 
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I. iNTOODOCnON 

Man found his crops destroyed by rusts and smuts, mildews and 
blights long before he recognized the microscopic pathogens. Some men 
correlated disease ^vifh sinfulness; otbers> finding only a ^ight vaziatif^ 
in the amount of sin and a large variation in the weather, obtained a 
better correlation — that between weather and disease. Consequently, 
they called the weather the cause of plant disease. In this imperfect state 
of knowledge they were able to forecast disease outbreaks before they 
were able to name the pathogenic fungi. Now, m our stil] imperfect 
state of knowledge, we too can forecast disease outbreaks from our 
science of the interaction of host, pathogen, and weather. 

The forecasting of epidemics is a contribution to the forecasting of 
crop yields. Yield forecasts are useful if they arrive sufficiently early to 
permit adjustments in acreage or transportation or if remedies can be 
applied to prevent the prophesied disaster. An empirical relation between 
weather and yields can assist in adjustments. The relation becomes more 
logical and satisfying and is productive of remedies if it also includes a 
291 
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knowledge of the contributions of soil fertility and of varieties to yield. 
Of primary interest here, the relation is more logical and fruitful if it 
includes a knowledge of the interaction of pathogens with weather, soil, 
and host, this is most fruitful if a remedy can be applied after the forecast 
is made. 

Reviews of the forecasting of epidemics of plant disease have ap- 
peared in the past. Because the weather relations of diseases are often 
obvious, the practice is a venerable one, and the many examples over the 
world have been examined by Foister (1929) and by Miller and OBrien 
(1952, 1957). These reviews provide complete coverage. Therefore, the 
subject will not be neglected if the present examination takes a different 
path: the etiology of plant diseases has been examined for opportunities 
for prognostication of disease and subsequent loss. Illustrative examples 
will be cited where possible. 

The forecasting of epidemics is quantitative epidemiology applied 
with courage. The better to make it quantitative, a formal framework is 
proposed and employed as follows: 

The number of spores reaching a host will double as the produc- 
tion is doubled or arrivals are proportional to Q, the number of 
propagules released The arrivals also increase as the trapping 
efficiency p increases, however, the relation is not linear because the 
disseminating "cloud” of pathogens is depleted by this trapping. Thus, 
arrivals are proportional to where i(X) is a function 

of distance X. Tlie number of spores per volume of air or other 
medium decreases rapidly with distance X or arrivals are proportional 
to 1/X"; since dissemination is generally three-dimensional, n is about 
2. Finally, the number of infections D is related to arrivals or D = 
constant [(g/K)p/X"lc-«'-*-'»'^'-'>. Tlie K is the proportionality 
constant between arrivals and infection. For the important case of 
aerial dissemination, estimates of the parameters have been made: 

p can be about n about 2, the /fX) = X>/» (Gregory, 1945; 
Waggoner, 1952). 

As the ctiolog)' is examined for possibilities for prognosis, these pos- 
sibilities arc evaluated in terms of the above model. 

II. Tim PniMARY Inoculum 

klany factors will affect the magnitude of the explosion called nn 
cpitlcmie, but the spark that ignites. I.e., the primary inoculum, must be 
present. And. as the mo<1cl shows, the greater the qu.intity Q, the greater 
the epidemic likely. Tims, the quantity of primaiy- inoculum c.an he a 
criterion for forecasting, a criterion partiailarly useful because of its 
early nppe.irance. 
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The diseases of crops grown in the temperate zone have been the 
objects of most forecasting schemes Here the pathogen often must 
assume a resistant form, take shelter, become dormant, or be eliminated 
and renewed from the tropics The forecaster can examine these survival 
mechanisms for his first hint of the new season s prospects 

An early indication of the amount of overwintering primary inoculum 
is the seventy of disease m the previous season Although many factors 
can modify the amount, a persistence in amount is seen from year to 
year in certam diseases due in part to the greater primary moculum 
earned over after an epidemic year For example, the persistence of the 
catastrophic seventy of potato late blight from year to year mcreased the 
disastrous consequences of the appearance of Phytophthora mfestans in 
Ireland in the "hungry forties ” The appearance of the new Helmintho- 
spormm victonae (Meehan and Murphy, 1946) led to the persistent 
deamation of the varieties derived from Victoria oats and necessitated 
the introduction of new varieties Thus, the "grand cycle ' of disease, the 
steady increase and decrease of seventy from year to year, caused par 
tially by the overwintering of inoculum, is an early straw m the wind 
indicating the prospects in a new season 

If an overwmtermg, resistant—oftcn perfect — stage of the pathogen 
IS known, the procedure is more satisfying than complete dependence 
upon the "grand cycle ” Here tlie forecaster can search for the over 
wintering form itself and see the spark that may ignite the coming 
explosion Many classic schemes for forecasting apple scab proceed by 
this means The pathogen Ventuna xnaequalis overwinters in the perfect 
stage m fallen leaves where its maturity is dependent upon the winter 
and early spring weather (Wilson, 192S) Microscopic examination of 
the penthecia (Young and May, 1928), ripening in the warmth of the 
laboratory (Holz, 1939a ), and considerations of winter weather {Holz, 
1939b, Louw, 1947) have formed the bases for prediction of the first 
discharges of ascospores in the spring Forecasts of infection then cm be 
made from a knowledge of the stage of tree development, the response 
of growers to the spray wammgs, and subsequent discharge and infection 
periods 

Brown rot of peaches, caused by Montlmxa fnicticola, is another 
ascomycetous pathogen that overwinters in the perfect stage although 
the imperfect stage is also function'll A search o£ orchards for the enniers 
and mummified fruit that harbor the pathogen reveals primar> inoculum 
for the succeeding season, and could form the basis of a forecast 

Ergot of cereals, especiallj rye, is another classic disease that over- 
winters as an easily visible, perfect stage The discovery of a multitude 
of the sclerotia of Claviccps purpurea m seed or even in a field can be 
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a warning of an epidemic in the field to be planted or in the field where 
sderotia may have fallen. 

A pathogen may take shelter during the cold season, and a fore- 
casting scheme can be founded upon the amount sheltered. For example, 
Bacterium stewartii, the pathogen of bacterial wilt of sweet com, sur- 
vives the winter in the bodies of adult flea beetles. The survival of the 
sheltering beetles is encouraged by warm winters. Stevens (1934) found 
that severe epidemics of wilt followed warm winters, and, hence, founded 
a forecasting scheme employed successfully by him and Boewe in 
Illinois and by other workers in New Jersey and New York. 

A pathogen can invade seed and be sheltered for the winter with the 
crop. Thytophthora infestans infects tubers in the autumn and over- 
winters in the storage bin. Here the inspector can estimate the amount 
of primary inoculum available for the following season. Wallin (1956) 
has done this \vith some success. Of equal importance when blighted 
tubers are culled from the storage and dumped, the sprouts on the cull 
piles are a fruitful source of inoculum (Bonde and Schultz, 1943) and 
an opportunity for the forecaster to take a census of primary inoculum 
(Hyre and Bonde, 1956). 

The extent of virus infection can be accurately predicted by indexing 
potato seed, a practice generally followed. 

Loose smut of wheat or barley derives from seed infected by UstUogo 
tritici or Vstilago nuda during the previous season. Thus the census of 
the infection in the seed can lead to a forecast of epidemics; tlie detec- 
tion of infection can be made by germinating or by examining micro- 
scopically a sample of seed (Simmonds, 1946). A forecast can also be 
based upon an even earlier event, the weather at blossoming time in the 
preceding season, because this is the lime of susceptibility (Dickson, 
1917). 

Some pathogens lie dormant awaiting the arrival of warm weather 
and a host. Tlicir numbers are an index of epidemics to come. This is the 
case of many soil-bome pathogens— pathogens that spread relatively 
slo\vly. Tlie extent of Thymatotrichum omnivorum and its depradations 
can l>c predicted almost to the foot from its extent in the previous year 
(Taul)cnhaus and Killough, 1923). Nematode infestation can be forecast 
Iwcause of the persistence of the worms or c>'sts. Wliethcr or not a crop 
"ill be infected by VcrtldUium albO'atrum has been predicted from the 
Tcsi>on$c of an index plant, the tomato, growm in soil s.imples from the 
intendc<l field (Williclm, 1950). If rotation decreases the population of n 
p.ilhogrn, severity of Infection can l>e predicted from the intensity of 
tn inaRcmcnt. 

can lie donnant in on overwintering crop. If the crop, lile 
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winter wheat, is harvested in midsummer, the pathogen must race against 
time if an epidemic is to occur. Hence, the overwintering fungus and its 
early multiplication are critical. Thus, Chester (1946) found that 
Puccinia rtihigo-vera overwinters in Oklahoma in pustules of wheat leaf 
rust; the level of infection on April I is determined by the weather in the 
late winter; and this level of infection determines the extent of any 
epidemic, because weather after that date is rarely limiting. Forecasts 
by this method have been eminently successful, the only failure being 
caused by the rare event of later weather limiting infection (Young and 
Wadsworth, 1953). 

A pathogen may be largely eradicated from a region by the winter, 
and primary inoculum may be borne in on southerly winds. Following 
the frequent observation of fungal spores in the upper atrnosphere, much 
attention has been devoted to this concept. For example, the annual 
renewal of Puccinia graminis var. tritici and the production of epidemics 
of stem rust of wheat has been attributed after extensive studies by 
Stakman and co-workers to spores borne aloft in Mexico and showered 
down upon the Great Plains (Christensen, 1942). Epidemics of tobacco 
blue mold in Quebec have been associated with the production of 
Peronospora tabacina in Kentucky and a forecasting scheme devised 
accordingly (Stover and Koch, 1951). Two considerations should be kept 
in mind in evaluating the foregoing. First, as spring progresses north- 
ward, even diseases of local origin will appear to move no^th^vard 
Second, the rapid dilution by distance of spore clouds, as evidenced by 
the steep gradients of infection about isolated sources (Gregory, 1945), 
makes the probability extremely small that spores from continental dis- 
tances will alight on a given field. The second consideration renders 
spore traps of little use in forecasting; Rusakov found no spores upon 
traps until of the plants in the neighbochood had been infected, and 
he suggested a local field inspection instead of dependence upon traps 
(Chester, 1946). 

The characteristics of stem rust make it more susceptible than many 
diseases to a forecast based upon spore movement from the South. Tlie 
astronomical numbers of spores produced in the large acreages of wheat 
in the South and the large acreages of hosts to the North somewhat 
counteract the dilution by distance. The sturdiness of the Puccinia spores 
assures that they will be viable when they arrive. The broad and nearly 
continuous belt of wheat extending from Te.xas to Saskatcliewan permits 
Puccinia to leap, frog-like from county to county, never requiring it to 
move continental distances at a single jump. Thus, a forecasting scheme 
for stem rust can logically be based upon the systematic movement of 
primary inoculum from the South. The sensitive spores of the downy 
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mildews, produced on limited acreages and seeking out limited acreages 
separated by miles deserted of hosts, presents a contrasting picture. 

Thus, a survey of the inoculum available at the beginning of a new 
season provides a rational point of departure for a disease forecast. It 
has the advantage of earliness, with the consequent opportunities for 
remedial measures, such as selecting an alternate crop, roguing, or 
chemical control. It has the disadvantage of occurring so early that many 
factors can subsequently modify the outcome. Nevertheless, the fore- 
caster courts disaster if he does not issue a word of warning when the 
inoculum potential is obviously high, or, on the other hand, if he fore- 
casts an epidemic solely from weather data when the pathogen is absent. 

III. The Dispersal of Inoculum 

When a given amount of primary infection is present, the successful 
pathogen must next produce units such as cells or spores, and have them 
detached. Garrett (in Chapter 2 of this volume) calls these units propa- 
gules. The product of the primary infection times the output of propa- 
gules per lesion comprises the source strength of Q and the subsequent 
epidemic is proportional to Q. Hence, another opportunity for fore- 
casting is presented. 

Here, in considering the production and detachment of propagules 
such as spores, weather is met in all of its effectiveness. Many diseases, 
especially mildews, have long been associated with damp weather; the 
late blight forecasts of Martin (1923) and Cook (1949) were based upon 
average or accumulated rainfall and average temperatures. This is, 
however, an oversimplification. Crosier (1934), interpreting his own and 
Melhus’s studies of the biology of PJujtophthora infestans, wrote, "It is 
not the total rainfall nor the average temperature, but the coexistence of 
moisture and low tempemture (from 10 to 15® C.) for one-half hour or 
longer, that makes possible the formation of swarmspores, and ... in- 
fection follows promptly if the moisture persists.” Further, he empha- 
sized, “No s^v^l^msporcs can be formed, irrespective of the temperature 
and moisture, unless viable sporangia are present.” The present dis- 
ctission, following the life c>'clcs of pathogens, attempts to recognize 
those fundamentals. 

Crosier, in the above study, found sponilalion was most abundant in 
an atmosphere saturated with water and at a temperature of 18 to 22®; 
sporantiia were abundant within 8 hours. Production was slower at 
lower temperatures, and sterile at temperatures 3 to 5® higher. Here is 
the neccssajy information for a description of an environment .suitable 
for the multiphentlon of rhjlojjhthoro and the forcc.ast of late blight 
epidemics. 
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Quantitative estimates of sporulation of this important pathogen have 
been made, permitting a more exact weighting of the forecast according 
to the production (Wailin, 1957) At 21° sporangia appeared m 6 hours, 
while 8 hours were required at 18° If more time was permitted, most 
isolates produced more sporangia at 18 than at 21° For ejfample, a 
typical isolate produced about equal numbers of spores, N, m 6 hours at 
21° and 8 hours at 18°, m 12 hours at 18° it had produced about 20 N 
while at 21° it had produced only 3 N The forecaster should beware of 
environmental races, however one isolate was able to produce between 
1 and 2 N sporangia in 12 hours at the high temperature of 27° Employ- 
ing data of this type and a survey of primary mfection one can estimate 
the production of spores from hygrothermograph records, and a forecast 
can be begun 

The final step in the estimation of Q, the number of propagules dis 
persed, is an examination of the discharge of the units into the air The 
units have been attached to the host for nutrition, now they must break 
this attachment, pass through the enveloping 100 microns of the laminar 
flow layer of air, and reach the turbulent air above Many viruses are 
borne by insects, and their numbers at critical times in the host’s life can 
form the basis of a forecast of epidemics (Doncaster and Gregory, 1948) 
Some bacteria are borne m splattenng raindrops, the arrival of rain 
might be employed in forecasting a bacterial epidemic 

Fungi have developed many clever devices for dispersing their 
spores — devices that have been studied by deBary, Buller, and Ingold 
Among these are some that depend upon the weather and, hence, can be 
limiting and of interest to the forecaster Tobacco blue mold is a case in 
pomt DeBary observed how the sporangia of some Oomycetes are 
discharged as the sporangiophores dry and twirl, Pinckard (1942) found 
this phenomenon specifically in Peronospora iahacina The disease to- 
bacco blue mold does not increase durmg prolonged rains (Dixon et al , 
1936), spores are found m the air as dew or ram dry, not while the 
lesions are wet (Waggoner and Taylor, 1958) From these observations 
the forecaster of blue mold can learn to look beyond rams and dews and 
consider the critical hours after the leaves have dried and the spores have 
flown (Waggoner and Taylor, 1958) 

This completes the estimation of the number of spores released, the 
source strength Q to which the subsequent epidemic wll be proportional 
if other things are equal This early omen depends upon the quantity of 
primary inoculum and infection and upon conditions faiorabJe for the 
production and release of the propagules The omen appears to the 
forecaster early enough for chemical control to he initiated, probably not 
earlv enough for tlie selection of an alternate crop or for roguing Man> 
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hurdles must yet be taken by the pathogen before an epidemic occurs, 
but the presence or absence of spore production is a valuable, early clue. 

IV. The Transfer of Inoculum 

The propagule, once separated from its parent, can be carried to an 
infection court on some object, in the soil or in water, or through t e 
air. This transfer is generally not under the control of die pathogen, can 
be limiting, and, hence, is an opportunity for forecasting. 

Many contaminated objects such as seed, soil, and macliinery ^e 
borne by man. The speed and volume of commerce, the wide distribution 
of hosts — particularly economic species — and the prolific nature of 
pathogens causes the probability of permanent nonintroduction of new 
pests mto a region to approach zero. A knowledge of sanitation and of 
quarantine measures, as well as the foregoing factors, permits the fore- 
caster to estimate how soon the inevitable introduction and subsequent 
epidemic will come. 

The annual reintroduction of pests can be forecast in the same way. 
For example, the coming incidence of potato ring rot, caused by Coryne- 
hacterium sepedonicum, can be anticipated from the liveliness of its 
transfer. Is seed inspected? Is contaminated equipment sterilized? Is 
whole seed used? If not, then an epidemic can be safely forecast when- 
ever the inoculum was introduced into the seed-growing regions during 
the previous season. 

Many viruses are transferred in insects, particularly aphids. As the 
number of aphids is decreased, transfer — as is dispersal — is decreased. 
This may be due to a northern climate, e.g., that of Maine or Scotland; 
the time of the year (Doncaster and Gregory, 1948); an exposed site 
(Waggoner and Krmg, 1956); or sometimes an insecticide (Broadbent, 
1957). Whatever drastically reduces the population of insect vectors 
reduces Q, and a lower incidence of infection can be forecast. 

In many cases a sharp decrease in infection is observed at increasing 
distances from the source of aphid-borne viruses (e.g., Gregory and Read, 
1949). In another case the sharp decrease observed by Waggoner and 
Kring (1956) became a broad distribution when the susceptible Green 
Mountain variety and extremely high insect populations were en- 
countered (unpublished work). Nevertheless, under the usual field 
conditions of moderate populations of insects and some host resistance, 
the decrease with distance will be sharp, disease being proportional to 
1/X" where n is about 2 ( Gregory and Read, 1949) . This is not surprising; 
Wolfenbarger (1946) has catalogued many insect dispersal patterns and 
found them similar. From this the forecaster can derive two useful 
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conclusions disease severity will be slight at considerable distances from 
sources, especially in a single generation of the pathogen, and numerous 
widely scattered sources are necessary for an epidemic 

Tlie spread of insect borne fungi behaves in a manner similar to the 
spread of the viruses, providing similar bases for forecasting For ex 
ample, infection by Ceratostomclla ulmt, the cause of Dutch elm disease 
increases with the population of bark beetles (which can be limited by 
insecticides) and with propinquity to diseased trees (Zentmyer et al, 
1944) Therefore, a forecast could be based upon a loiowledge of the 
number of beetles and diseased elms m the neighborhood 

In undisturbed soil the spread of pathogens can take place through 
the contact or grafting of roots The spread of Phijmatotrichum omni 
vorum in cotton fields (Taubenhaus and Killough, 1923) and of Endo 
contdtophora fagacearum in oak forests (Beckman and Kuntz 1951) 
can occur in this fashion Because the span of root systems is reJitiveJy 
small, the forecaster should be able to draw an orderly prognostic map 
for these diseases and see it venfied 

Plant pathogens can be carried by water ram irrigation or spray 
If these are the channels by which a pathogen travels its distribution can 
be predicted to be localized Faulwetter’s (1917) classic study of the 
dissemination of bactena by splashmg ram demonstrated the short range 
of this type of distribution Spores suspended in some fungicide or 
insecticide mixtures can infect plants (Dimock, 1951), unpuhhshed 
experiments with Vhytophthora tnfestans demonstrated that spray blasts 
do not increase its spread consequentially Pathogens that spread in 
water evidently spread slowly 

Air-home fungi have been classic subjects for studies m epidemiol 
ogy as well as forecasting Basing his analysis upon the statistical theory 
of die turbulent transfer of maUer tbtougb air, Gregory (1945) has 
proposed a hypothesis for the transfer of inoculum, with slight modifica- 
tion this IS the relation introduced m an early paragraph of this review 
Gregory demonstrated the wide applicability of the h>pothesis, infection 
generally being proportional to 1/X", avherc X is the distance from tlie 
source of inoculum and n is about 2 Thus, one of the strongest clues 
available to the forecaster of these diseases is the nearness of inoculum 
at half the distance, the probability of infection is fourfold A concrete 
example can be seen m the map of an epidemic of tobacco blue mold 
a few yards from the source of inoculum m an infected seedbed more 
than 100 lesions were present on each plant, at the far end of tlic 
3 acre crop less than 5 lesions were present per plant, on a neighbonnt; 
farm only 1 plant m 4 was infected (Waggoner and Ta\Ior, 19aj) With 
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the location of the source of mociilum m this neighborhood known, the 
course of the epidemic could be predicted for given weather and control 

practices , 

A significant modification can be made m the average decrease witn 
distance predicted by the inverse square relation The spread of the 
pathogen downwind from the source is more rapid (Wilson and Ba er, 
1946, Waggoner and Taylor, 1955) Naturally, downwind refers to the 
direction of the wind during dissemination Thus, the highest rate of 
infection would be forecast to the west of a pathogen that spread during 
rams 

The distribution of insect-, sod-, and air borne pathogens all being 
commonly characterized by sharp decreases with distance from the 
source, van der Plank’s (1949) analysis of the relative danger from 
field size is generally applicable Thus, small fields and evenly dis- 
tributed sources call for a forecast of a greater epidemic than do large 
and widely separated fields 

Two clues for forecasting have been pro eminent m the discussion of 
transfer the increased danger due to more vectors and that due to 
greater proximity to a source These factors would have slight im 
portance if the disease were permitted to run its course, but this it is 
rarely permitted among annual crops Rather, the host and the pathogen 
race to the end of the season, and a winner is declared without a steady 
or equilibrium state ever becoming established Thus, the number of 
vectors and the proximity of inoculum are important bases for the pre 
diction of the damage sustained when the crop is harvested 

V The Trapping of Propacules 

As the peripatetic plant pathogens pass over a unit area of the field 
a proportion p becomes attached to the soil and to plants An increase 
m this attached proportion leads to an increase m the number of infec- 
tions D Increased trapping exerts another influence it depletes the 
cloud of pathogens at a more rapid rate Thus D is proportional to 
pg-constant v!(x)^ jj ],nowledge of the rate of trapping p should assist 
m forecasting the subsequent distribution of infection 

Unfortunately, little is known about the contribution of this factor 
Logical conclusions can he drawn from the above hypothesis to supple 
ment our meager knowledge Contrast the case of a potato infected 
with Y virus situated among other potatoes attractive to Mijzuz perswae 
with the case of a source situated among plants unattractive to the 
aphid In the first case, the danger to the adjacent plants is great, but 
the probahihU that this nonpersistent vims will be carried afar is slight, 
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in the second case, the danger to adjacent plants is decreased at the 
expense of more distant ones. 

Now let us consider the spores of fungi— objects carried at the mercy 
of the winds. They vary in density, volume, and consequent settling 
velocity in the viscous air; presumably this might alter the proportion 
attached, but experience has shown the eEect is inconsequential (Greg- 
ory, 1945). The ability of the spores to attach themselves to objects does, 
however, increase as spore size increases, leaf width decreases, or 
velocity increases, the small or slow-moving spores drift around a broad 
leaf (Gregory, 1951). From these considerations more infection nearby, 
less at a distance, has been forecast for large-spored pathogens in tall 
grass; and more infection afar, less nearby, for small-spored pathogens 
in low, broad-leaved plants (Waggoner, 1956). Verification is lacking, 
but the logic is compelling. 

More than a forecast of distribution can be assisted by the fore- 
going. We have seen in preceding sections the necessity of a nearby 
source of propagules if infection and losses are to be consequential at 
harvest. From this it follows that widespread sources and subsequent 
epidemics should be frequent with the small spores pathogenic on broad 
leaves. This conclusion, too, is worth testing with a view to its eventual 
use in forecasting. 

Rain is a well-known cleanser of the atmosphere, washing spores out 
of the air and onto foliage and soil This effectively increases p, the 
trapping efficiency. Rain has thus been an important factor in the con- 
sideration of long distance dissemmah’on of spores; spores of, say, 
Fuccinia graminis are carried aloft and then northward in a maritime 
tropical air mass, eventually being washed to earth by precipitation 
(Stakman, 1942). The forecaster must bear in mind the dilution of tlie 
spore cloud with distance, but conceivably synoptic charts of the air 
currents at several levels could be useful in predicting the transfer of 
prolific fungi that infect large acreages. 

VI- Infection 

Tlie pathogen has avoided many pitfalls before alighting, but it now 
has another crucial step to accomplish: it must infect a plant. In our 
hypothesis the number of spores deposited per successful infection is 
K; infection increases as K decreases. 

The first prerequisite is that the propagulc bo alive. Tlie forecaster 
will have investigated the hardiness of the pathogen and entered this 
into his “rules.” For example, he will be confident that the hardy nisi 
spores or apple scab ascosporcs or the virus safe witliin an aphid arc 
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alive, .-md timt this step provides no opportunity for a forecast criterion. 
On the other hand, he knows th.at the spores of the downy mildews arc 
susceptible to drought and that sunlight is a sign.al for a forecast ot 

“no epidemic.” . 

Germination is the second prerequisite for the success of a spore. 
This step is frequently susceptible to weather and has been a most 
fruitful source of forecasting methods. Satisfactory conditions for ger- 
mination must arrive while the spore is viable. The requirement for 
moisture is common nnd has been widely applied in forecasting, c.g., 
the downy mildews. In contrast to this arc the powdery mildews with 
their requirement for high humidity but not water (c.g,, Delp, 19c>4), 
presumably, this could be employed in forecasting. 

The temperature is also critical during germination. Not only can 
the temperature itself be limiting, but it determines the speed of ger- 
mination, and hence, the number of liours of satisfactory moisture 
conditions required (e.g., Crosier, 1934). Thus, varying critical lengths 
of moist periods can be set for varying temperatures. 

Next, the landing and germination must occur on a host. This suc- 
cess is improbable If few of the host species grow near the source or 
if the plants are small and cover little of the soil. In this case few of 
the spores will alight on a host, and many will fall on strange species 
or barren soil. Here, K is large, since many spores fall and few infect, 
the forecaster may be conservative in his warnings. 

Finally, the host that receives the pathogen must be susceptible. 
In the case of a heteroecious fungus, epidemics are most likely if the 
repeating stage is on the economic crop. Stakman (1942) has provided 
us with examples: Gtjmnosporangium jumperi-virginianae sporidia alone 
can infect apple, and no epidemic of rust would be forecast far from 
red cedars, Fuccinia gramtnis var. tritici uredospores can infect wheat, 
and the pathogen can spread through a wheat belt by repeated, rela- 
tively short jumps with scattered sources appearing near many hosts. 

In any case the strain of the pathogen must be capable of infecting 
the variety of the host. One of the forecaster s most important indicators 
is a survey of the various races present and the varieties being grown. 
Thus, the appearance of Race 56 of Fuccinia gramints var. tritici and 
the large acreages of Ceres wheat foretold the elimination in the mid- 
thirites of that hitherto resistant variety. 

The damage wrought by an infection could be the D of our hypoth- 
esis. If this were our thinking, then die proportionality constant K would 
be the number of propagules deposited per unit value destroyed. Then 
A. would fall, and the probability of damage would rise if we were con- 
cerned with a systemic disease, particularly of a large host (van der 
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Plank, 1947) The effect is increased further if the individual plant is 
valuable Consider how the probability of damage rises as we turn from 
the spots of apple scab to the systemic infection of Dutch elm disease 
or oak wilt of a prized shade tree 

In the precedmg sections we have dealt with the several steps in the 
multiplication of an air- or insect borne pathogen The life of a soil 
borne fungus may be less complicated, but an infection must be accom 
phshed and the pathogen flourish within the host if an epidemic is to 
ensue The separation of infection and incubation is incomplete m our 
knowledge but largely unimportant for this discussion Seedlmg diseases 
are frequently associated with slow emergence and retarded early 
growth Thus, the occurrence of damping off of com by Ptjthmm spp 
can be forecast for cold, wet springs (Johann et at, 1928) The more 
specific, soil borne wilt fungi also prosper best in certain environments 
V erticillium wilt of tomatoes can be forecast for cool and Fusarium wilt 
for warm climates (Bewley, 1922, Clayton, 1923) 

Infection phenomena are often susceptible to the weather and pro 
vide a wealth of opportunities for forecast criteria Can the pathogen 
survive, germinate, and mfect in the environment of the host? If the 
forecaster answers these in the affirmative, he knows that a frequent 
barrier to epidemics has been removed and that he had best beware 

VII The Incubation Period 

The rapidity of increase of a pathogen has already been mentioned 
as critical to the development of epidemics and consequential losses 
This IS so in large part because the pathogen and host rarely reach 
equilibrium during the life of an annual crop Rather the pathogen is 
racing agamst the time when unfavorable weather will arrive There 
fore, what Chester (1950) has called ‘‘tempo” is cntical 

The length of the cycles as well as the successful infections per cycle 
determine the tempo The discharge, transfer, and trapping of inoculum 
and the mfection of the host can, and often do, occur witlim a feu 
hours Incubation is generally a more extended process and considerable 
variation m its duration as frequent Here, then, is an opportunit) for 
alterations an the tempo, alterations critical to forecasting alterations 
in the rapidity of reappearance of neiv sources and in their size Q 
With the f^ungus safely xvithin the moist host tissues during maiba 
tion, temperature — not humidity — ^becomes the important factor An 
example of the importance of temperature m the length of the inaibation 
period IS provided by Phytophthora infestans (Crosier, 193^1) Dccrcas 
mg the maximum and minimum temperatures from 23 and 15® C to 20 
and 10® C increased the length of the period by one fourth Tins uoiild 
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result in only 5 instead of 6 multiplications of the pathogen per rnonth. 
Of course, raising the maximum and minimum temperatures to 35 and 
25° C. destroyed the pathogen within the host. 

A similar example of altered length of period is provided by Uncimila 
nccator (Delp, 1954): the incubation period was halved by raising the 
temperature from 15 to 26® C. 

Peronospora tahacina illustrates the disastrous effect upon the patho- 
gen’s prosperity of high temperature during incubation: hot weather 
causes “dry weather” blue mold lesions which arc devoid of spores, nnd 
hence, ends the multiplication of the pathogen (Jenkins, 1952). Un- 
questionably many examples of accelerated multiplication by warm 
temperatures and truncated epidemics due to hot temperatures can be 
found among bacterial and viral as well as fungal incubations. If the 
forecaster is aware of these relations for his charges, he can estimate 
whether the tempo of multiplication is sufficiently rapid for an epidemic 
to develop within the season. 

A second use for a knowledge of the length of incubation is in detec- 
ting synchrony of the cycles of weather and pathogen. Imagine that a 
period of weather unfavorable for sporulation and infection is followed 
by a day when infection does occur. If a second day of weather suitable 
for multiplication occurs before the end of the incubation, new infections 
will be added. If, instead, the second suitable day occurs at the end of 
the incubation, infections will be multiplied, not just added. Thus, 
favorable conditions alone are not enough; they must be meshed with 
the cycle of the pathogen, a cycle timed in large part by tlie temperature 
during incubation. 

One large class of pathogens need not race with the host to a dead- 
line at the end of the season. These are the pathogens of perennial 
plants, such as trees. Here ample time is allowed for an equilibrium to 
be established, and eradication and exclusion are relatively harmless to 
the pathogen over the long pull The forecast will, therefore, be in terms 
of “when,” not “if.” The forecaster must guess the equilibrium rate from 
the best knowledge of the susceptibility of the host, the multiplication 
of both host and pathogen, and any deterrents to spread applied over the 
entire region concerned. As an example, among the American elms in the 
climate of Connecticut one can forecast with some confidence that in the 
neighborhood of 20% of the elms will become infected annually with 
Dutch elm disease if an insecticide is not applied, 3%, if it is (Dimond 
et al , 1949). 

■Hie incubation period is lengthy, relative to the other periods of the 
patliogcn’s multiplication, and hence, provides a wealth of opportunities 
for the forecaster, who must estimate how the race between an annual 
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crop and its pest will end or at what level the equilibrium between a 
perennial host and its pest will be reached 

VIII Integrations 

The large number of possible prediction criteria enumerated above 
are not only opportunities for improving forecasts, but are also oppor- 
tunities for hopeless confusion because of their number How can such 
complexity be resolved? 

Fortunately a study of the biology of a particular pathogen will 
generally reveal a critical step to which attention can be directed 
Chester’s (1946) description of the forecasting of wheat leaf rust pro 
vides an excellent example In Oklahoma, March is the critical month 
If the weather during this period permits the first cycles of rust renewal, 
there is enough time during the ensuing season for the pathogen to 
reach epidemic proportions After this month, the weather is rarely 
limiting Therefore, the weather and rust behavior during this month can 
form the basis of a forecast of rust intensity 2 to 3 months later 

The well known Dutch (van Everdingen, 1933, Beaumont 1947) and 
Irish (Bourke, 1953) rules for forecasting potato late blight also are 
a simplification based upon the existence of a critical stage in the 
pathogen’s life In the maritime climates of northeastern Europe the 
weather during incubation is rarely limiting and adequate primary 
inoculum is apparently common Therefore the multiplication of the 
pathogen is limited only by the conditions for dispersal, transfer, and 
infection Satisfactory conditions for these three steps are defined by 
simple rules, and hence, late blight forecasting is straightforward m 
Europe 

In the central United States, drought or hot weather frequently 
persists long enough to destroy Phytophthora tnfestans in the host 
Therefore Wallm (1958) deletes from his forecasts of blight the effects 
of earlier favorable periods if unfavorable weather persists for 21 days 
or more 

The length of the incubation period can be the critical factor in 
epidemics Shatsky's modification of Muller’s incubation calendar for 
vine mildew illustrates this point (Miller and O’Brien, 1952) The 
incubation period is related quantitatively to the mean temperature and 
fungicide spraying is indicated at the end of the periods thus estimated 

An integration with a strong family resemblance to the above devices 
has been employed m Connecticut for several years for the prediction of 
tobacco blue mold epidemics The biology of the parasite has been 
reviewed by Stover and Kocli (1951), and the spores are knoum to he 
air-bome in the morning (Waggoner and Taylor, 1958) Bearing this 
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information in mind, the forecaster examines the hygrothermograph, sky 
cover, and rainfall records, together with a census of primary inoculum 
from the tobacco region and decides whether the pathogen could or 
could not have completed dispersal, transfer, and infection. If an infec- 
tion period IS thought to have occurred a “2” is entered on the calendar. 
If two more periods occur before incubation of the first is complete, 2 s 
are added each time and the numbers entered on tbe calendar are 4 
and “6.” If instead the second infection period occurs near the end of the 
incubation period of the first infection, tlic number is doubled and a 4 
is entered on the calendar. When a drought or heat wax'c intervenes and 
sterile lesions appear, the number on the calendar is reduced to 1, and 
the multiplication process must begin anew. Tims, the forecasting scheme 
is an estimate of the population of Peronospora iahocina derived from 
a knowledge of its biology, its primary population in seedbeds, and the 
weather. We have found in Connecticut that damage of consequence 
will appear m the field when the estimate on our calendar reaches "64. 
The arrival of this level can be anticipated from the tempo of the disease 
and the weather outlook. 

The preceding examples illustrate how the complexities of the patho- 
gen's biology can be digested into rational forecasting criteria. Therefore, 
the prospective forecaster need not become lost in a maze on the one 
hand or rely upon empirical criteria upon the other hand. 


IX. The Usefulness of Fobecasting 
When one speculates about the value of weather, yield, or disease 
forecasts, no difficulty is encountered in convincing oneself that fore- 
casts are useful, even necessary. The desire to foretell the future is strong 
Nevertheless an enumeration of the characteristics that determine the 
practical usefulness of predictions is healthy, especially if it is made be- 
fore a forecasting system is initiated. 

The first requirement of a forecast is that it be correct. Perfection 
is rarely possible in forecasting, and the natural tendency is to be con- 
servative, to “overforecast.” In disease forecasting this leads to the 
warning "epidemic” whenever a chance of such exists. At the same time 
that the forecaster is being “conservative,” the growers' other advisors 
are naturally enough behaving in the same manner: they urge the grower 
to exercise control measures at all times. Therefore, the usefulness of the 
forecaster s warning of “epidemic” may be limited because his is but one 
more voice added to the chorus of voices urging him to repent and spray. 

On the opposite side, the forecaster may be more helpful. He may 
lead the ^grower to omit costly control measures by forecasting “no 
epidemic.” Before he can persuade the grower to make such a savings 
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lie must have established the accuracy of his predictions in the minds 
of the grower and his advisors and have overcome the natural tendency 
to be conservative In France this happy state has apparently arrived 
the wammg service for vine mildew has led to the omission of two 
sprays in most years at an annual savings of two and one-half billion 
francs (Darpoux, 1949) Thus, if the forecaster can bring about the 
elimination of unnecessary and costly measures through accurate fore 
casting, he can be truly helpful 

Tlie distance that the forecaster can see into the future, as well as 
his accuracy, affects the usefulness of his methods If the prediction 
arrives in time for remedial action to be taken, it is helpful If it arrives 
too late for action, it onl> lengthens the time over which the grower must 
bear his sorrow Tlie predictions of epidemics of seed borne smuts and 
virus from the conditions during the flowering of the wheat or from 
an index of potato tubers has already been mentioned Here the prog- 
nostication can be made for many months m advance, and the grower 
has ample time to remedy the matter 

The predictions of wheat leaf rust (Chester, 1946) and of bacterial 
wilt of sweet com (Stevens, 1934) extend for several months into the 
future Hence, the farmer has time in which to benefit from the forecast 
by planting an alternate crop or variety The French warnings con 
cerning vine mildew are of much shorter penod, nevertheless, they arrive 
in sufficient time to be helpful because fungicidal control can be applied 
or omitted on short notice 

Long range or climatological predictions of plant diseases have been 
made informally Men have recognized that certain climates are con 
ducive to a disease, others are not Seed production has been located in 
regions where the climate makes important seed borne diseases unhkely 
In addition to this a formal study of long range or climatological pre 
diction would be mterestmg The epidemics of certain diseases can be 
traced to critical weather events The probability of these events can 
frequently be estimated from the series of weather observations tliat have 
now reached great lengths m many localities The knowledge of biology 
and weather could be combined to produce estimates of the probabilities 
of disease at various localities and seasons These “forecasts” should 
prove useful because of their long almost infinite, extension into the 
future 

The discussion of the penod of the forecast has brought out tlie 
importance of the control method If the forecast is to provide more than 
mtellectual satisfaction, there must be a control method that can be 
exercised and the impending epidemic forestalled Tlie usefulness of the 
above predictions of smut and virus epidemics depends upon the 
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existence of alternate, clean seed. The usefulness of the predictions of 
wheat leaf rust and bacterial wilt of corn depends upon the existence of 
profitable alternate crops or resistant varieties. Tlie benefit from the 
warning systems for downy mildews is dependent upon the elBcacy of 
fungicides. , 

Two diseases stand in contrast to the ones we have just exammed. 
Apple scab infection can he eradicated by suitable chemicals. Hence, 
a census of infection can be used and the need for a forecast is conse- 
quently less. Wheat stem rust control at the present depends practically 
upon the choice of a resistant variety. Consequently, the forecast of a 
stem rust epidemic issued in the middle of the growing season is nearly 
useless to the individual farmer because there is as yet no remedy he can 
apply to forestall the impending calamity. 

The use of a forecast necessitates changes in operations, Flexibility 
IS a prerequisite to the employment of prediction. At least two things 
afEect this flexibility. The first is the quantity of labor and equipment 
available foi control measures relative to the acreage that must be 
treated If the entire area can be treated in a day or two, treatment can 
be delayed safely until a forecast is issued If the entire area requires 
many days for treatment, however, the machines must be kept in opera- 
tion continuously, otherwise, a large proportion of the area might be 
damaged before treatment in response to a warning could reach it. The 
second thing that affects flexibility is the complexity of the farming 
organization. If the man who applies the treatment is also the man who 
decides when to treat and if supplies are readily available, a treatment 
can quickly follow warning Alternatively, if a large organization is 
involved, planning must precede action. Here the confusion that would 
follow a change in plans following a warning might well cost more 
than the application of an occasional unnecessary treatment Conse- 
quently, a short-range forecast is not highly useful; perhaps climato- 
logical "forecasts” would prove to be. 

An important — perhaps the most critical — factor in the usefulness 
and m the adoption of forecasting is the ratio of benefit to cost. How 
great is the benefit from disease control relative to the cost of the 
control measure? If this ratio is large, the rational grower will apply 
controls whether the disease is forecast or not. If this ratio is small, no 
amount of urging will induce the rational grower to act. 

In the northeastern United States apple and potato growers know that 
the yield, appearance, and keeping quality of their produce are pro- 
foundly affected by apple scab and potato late blight. They also know 
that including an effective fungicide among the pest sprays they are 
already applying is inexpensive. Thus, the ratio of benefit to cost is high. 
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and the growers tend to apply fungicides routinely with little regard 
for the likelihood of an epidemic 

At the opposite pole stands the owner of a large wood lot populated 
in part by elms The death of the elms would not be disastrous to the 
production of the lot The cost of an annual application of an insecticide 
to kill the vectors of the pathogen of Dutch elm disease would be large 
relative to the annual production of the lot Therefore, the ratio of benefit 
to cost IS small, and the owner is unlikely to apply a control measure, 
even when he is assured of the imminence of an epidemic of Dutch elm 
disease 

Between these two extremes lies a region where the benefit cost 
ratio IS favorable to the employment of forecasts The example of the 
vine mildew warning system in France cited above lies in this region of a 
favorable ratio The losses from mildew are disastrous On the other 
hand, considerable savings can be made by eliminating unnecessary 
sprays Hence, the warning system is employed by the growers (Dir- 
poux, 1949) 

The benefit cost ratio also depends upon the annual variation m the 
amount of disease If the amount is nearly constant from year to year 
experience has taught the farmer how to make his own forecast next 
year will be just hke this year and will have the same benefit cost ratio 
and demand the same measures This leaves little for the forecaster to do 
that IS useful When the amount of disease is vanahfe from year to j ear, 
the forecaster can be useful, for he will predict when the benefit of 
treatment will be great or small relative to the cost of treatment 

X Summary 

The forecasting of disease is a contribution to the prediction of 
jields It logically proceeds from a knowledge of the interaction of host, 
pathogen, and environment In this review the etiology of disease Ins 
been examined for opportunities for prognostication of disease and 
subsequent loss 

Tlio magnitude of the primar>’ inoculum affects tlic subsequent 
epidemic As a duo to the size of the epidemic it has the .advantage of 
earlmess, the disadvantage of being subject to manv mfiucnccs before 
harvest time 

Tlie production of inoculum and its dispersal into the medium aliout 
the plant is one of the processes upon which weather can exert its 
influence and is, therefore, .a rich source of forecast entern 

Tlio transfer of inoculum b> air and soil, and as a contaminant is 
for the pathogen a risks business, because it is dependent upon fortune 
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Tlie forecaster profits from a Icnowlcdgc of the proximity of the source 
of inoculum and of the number of vectors during this random process 
Propagules are trapped and their numbers depleted more rapidly 
by some types of foliage and weather than by others This is probably 
important m predicting the distribution of infection about a source of 
inoculum 

Infection is a late step in the pathogen’s multiplication, but its 
requirements are sufficiently critical to provide a wealth of criteria for 
prediction The general requirement for liquid water at this stage 
provides the basis for several classic forecasting schemes 

The incubation period is generally much longer than the preceding 
steps, and therefore is subject to changes of length Tluis, it can influence 
the rapidity of development of the disease and the level attained before 
unfavorable weather or harvest ends the annual race between host and 
pathogen 

The myriad influences can frequently be digested into simple fore 
casting rules because of the limitation placed upon epidemics by a few 
critical stages 

The usefulness of the prediction of epidemics depends upon the 
accuracy and range of the forecast, upon the existence of remedies and 
the ease with which they can be applied, and upon the benefits from 
disease control relative to the cost of remedies 
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The walls built for the purpose of interdicting dispersal of dangerous 
diseases and pests that are unicnown wj*hin the walls are founded 
on rock 

One has had recourse to such rocks as biology and taxonomy, geog 
raphy and climatology, agronomy and economy for the necessary founda 
tion material If the desired information is not to be found, research must 
be promoted, at home and also abroad, with the direct purpose of pro 
vidmg the solid basis of regulatory measures A study of the accumulated 
facts will show an amazing variability one parasite may have a terntorv 
distinctly narrower than that of the host, while another will ha\e some 
race accompanying a rare host plant in every one of its hiding places 
‘ Unknown within the country,” therefore, must sometimes be modified 
to “restricted to a certain area or to a special type of locality” 

A selection of regulatory measures is presented here as an ovampic 
The digests published by FAO (Ling, 1932, 1954, Dumblelon 1956), 

• Editors* footnote Another approiich to the principles underlying tho applin 
lion of plant disease quarantines is discussed In the Prologue {Clnplcr 1) of ihfs 
%olume 
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followed up by abstracts in FAO’s “Plant Protection Bulletin, will direct 
the reader to a more complete survey than that attempted here 

I Natural Spread akd Man-Provoked Dispersal 

The resources of pathogens in relation to natural spread (see Volume 
III, Chapter 3) vary extremely, even in different stages of the same 
fungus Observations from isolated vegetation in Alaska seem to prove 
that spores of Cronartium rtbtcola from pines may find Rtbes bushes 
500-600 km away, while the spores formed on Ribes hardly spread more 
than 300 meters 

Even the classic barriers, oceans, deserts, and mountams, are not 100^ 
efficient Colorado beetles may be found on glaciers, mycologists find 
polar fungi inside bits of stems dnftmg hundreds of miles over the ice — 
until the scanty vegetation of a remote coast stops them and is one day 
machine gunned with spores from the pycnidia or perithecia Moreover, 
oceans are crossed by ships, deserts quickly traversed by jeeps, and 
mountains penetrated by railroad tunnels Any confidence based on 
distance is destroyed by the airplane, which carrys pests and diseases in 
passengers’ luggage, the cargo, inside the cabin, and even on the fusilage 
Wlien man and nature thus join forces, catastrophes are likely to 
arise rhtjtophlhora tnfestans undoubtedly was earned from South 
America by ship to other continents where potato late blight spread to 
all potato fields, causing enormous losses The Colorado beetle traveled 
by tram and ship, and, although it was frequently discovered in harbors 
and mcipient infestations energetically put doivn, one introduction 
(namely, that to the district of Bordeaux) was missed, and this permitted 
the pest to spread over most of Europe 

The Roman citizen knew that it was his concern when his neighbor’s 
house Mas on fire Wc have been forced to accept a wider vision of 
neighborlmess and ha\e been taught the possibilities of international aid 
through IcamMork across the borders and through preparedness 

A Important Cases of Introduction 
1 Cluhroot, Caused by rlasmodiophora bramcae 

'Tins disease, mIhcIi is found in most plants belonging to the Cnicif- 
crac, Mas kaioMTi ns far back as the 16th century, when m Spain it was 
called “the deiil ” In 1730 it Mas reported from England, from Scotland 
in 1780, and m 1870 it Mas mining cabbage fields around St. Petersburg. 
Miurc Voronin described it in such a splendid way that attacks found 
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here and there in Europe in the following years were seen more as an 
interesting mycological event than as a cause of local quarantine — an 
idea which had not at that time been conceived. 

One attack in a single year may produce billions of spores, capable 
of surviving in the soil for 5-6 years. Spores are easily spread through 
the soil, by drifting on wind or water, in manure containing remains of 
diseased plants, in soil clinging to plant roots, or from nurseries where 
cabbage is sold for planting out. 

Clubroot is so universally spread (Colhoun, 1958) that quarantine 
measures for the most part would be useless, Nevertheless, local meas- 
ures may be useful, as, e.g., when Norway prohibits the sale of cabbage 
plants from nurseries not free from clubroot. 

2. White-Pine Slider Rust, Caused btj Cronartium ribicdla 

A rust fungus (producing uredo and teleuto on black currant and 
other species of Ribes, and bark blisters on Pinus cembra) has been 
known in many places in Central Europe and Russia, at least from 1860, 
but damage ivas considered slight. However, from 1865 attempts were 
made to acclimatize the North American Weymouth pine (Pinus strobus) 
in Europe, where it proved so susceptible to blister rust that foresters 
gave it up. But nurserymen still propagated this beautiful pine, and 
about the year 1900 many nursery plants were exported to the United 
States. Only later on was it found that these plants carried infection 
hidden in their twigs. In 1900 the rust was discovered in the United 
States, where it wrought havoc in the valuable forests of Weymouth 
pine and white pine (Pinus monttcola); besides 4 cultivated species of 
Ribes, 9 species grow wild in the North American forests. Tlius, there 
are plenty of intermediate hosts! An enormous effort has been necessary 
in order to eradicate Ribes: first, man power was used; later, this was 
followed up with hormone weed killers. Resistant pines are on the way 
as a result of breeding in New York, Wisconsin, Canada, Denmark, 
etc.; they will be useful in difficult terrain, and they may mean that, in 
spite of everything, Europe will have forests of Weymouth pine. 

California had the blister rust introduced directly in 1910 with 
nursery plants from France, but the rust was not discovered until 1921. 

In order to save the threatened Pinus lambertiana, an intensive Ribes 
eradication campaign was started. 

A few countries have placed embargoes on the susceptible pines. 
White-pine blister rust is a striking instance of the unpredictable results 
of carrying a healthy host plant to the locality of an apparently in- 
nocuous pathogen. 
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3 Citrus Canker, Caused by Xanthomonas citn 

The home of this bacterial canker, harbored in several Rutaceae, is 
southeast Asia, including Japan and the Philippines It was found in 
Florida, in Texas, and in Mississippi m 1913-1914 — probably introduced 
with plant material from Japan — and an intensive eradication campaign 
(see Volume III, Chapter 10) was carried through so successfully that 
durmg surveys (the last one in 1947-1949) the seven southeastern 
states were found free from the canker South Africa also suffered from 
an introduction, but later reported a complete eradication 

Immune varieties, on which breeding may be based, occur Although 
eradication has proved possible (but extremely expensive), it is natural 
that countries with any interest m the production of citrus fruits main- 
tain strict quarantme regulations against fruits and against propagation 
material New varieties are introduced with all measures of caution, 
with extended post entry quarantine, and with repeated graftings 

4 Chestnut Blight, Caused by Endotim parasitica 

The home of chestnut blight is eastern Asia, where it is quite in 
nocuous because of resistance m the local forms of Castanca The first 
sign of its escape came from a report of blight in a tree m the New York 
Botanical Gardens, but it is probable that the fungus was introduced a 
few years earlier, for, m 1906, the blight was already quite widespread 
in New York state During the course of three to four decades Castanea 
dentata, the dominating tree m eastern American forests, was practically 
eradicated by the blight, it was found that some oaks and a few other 
trees had been attacked, although not with such disastrous results 

Long-distance spread of chestnut blight is, in the first instance, 
brought about by transport of infected nursery trees, furthermore, wood 
and bark will carry infections, frequently permitting production of m 
numerable spores It seems likely that woodpeckers and other buds are 
capable of spreading the inoculum over great distances 

In Europe swift action has put an immediate stop to a few solitary 
introductions (Bclgium-lSZS, rranco-1936) Attacks found in northern 
Ital> in 1933 spread ver>' quickly, and the blight was reported as far 
south as Naples, oaks were infested here also, although not so seriously. 
In Switrcrlind chestnut blight was reported m 1947 in Tessin, a canton 
bordering on ItaU, and here, too, infection has spread in many localities 
Attacks in Spam (from 1918) ln\e been so limited that there is reason 
to hope for complete eradication Y«gosla\ia has fought the blight since 
Its disco\cr\ in tint counlrx m 1919 From Russia, hhghl in oak and 
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elm lias been reported France bas been on the alert, and in 1956 sur 
veys disclosed a number of cases in two districts 

Eradication has been attempted, and with success in limited localities 
From Washmgton and Oregon complete success has been reported, m 
California the disease has, at least, been brought to a standstill 

Far reaching measures in the eastern American forests may seem to 
be a failure, but they have, in fact, delayed the destruction Resistance is 
common in Asiatic chestnuts, and Castanea mollissima, especially, seems 
useful m breeding work 

It is only natural for countries with an economic interest in the chest- 
nut to phce embargoes on the import of living trees Wood and bark 
usually come under the same rulmg, although trunks and barrel staves 
may be admitted after a process of scorching and steaming respectively 
In the case of nuts ( I ) origin from unmfested districts has been insisted 
upon, and (2) formaldehyde disinfection has been practiced Whether 
this can be maintained for severely infected nuts is a point to be dis 
cussed An embargo directed against plants and fruits of the resistant 
C molltssma may seem absurd but it is directed against oak wilt 
{Chalara quercma), and import necessary for breeding work can be 
secured by means of post entry quarantine 

5 Elm Disease, Caused by Ceratostomella ulmi 

Since 1918 or thereabouts thousands of elm trees have died in north 
western Europe In 1930 elm disease was found m Ohio, probably intro 
duced from Europe m trunks of knobby elm (burrknots, Maserholz) 
imported for use as veneer, it spread widely in the eastern United States, 
and in 1948 elm disease had spread westward to Colorado Canadian 
outbreaks, found in 1950 probably have their origm in the States 

The Scandinavian countries long remained free from elm disease, 
but in the Swedish capital Stockholm, a good many park trees were 
killed m 1950 and during the following years, m Denmark where sickly 
elm trees had been examined several times, the fungus was found in 
1955, but the disease does not seem to spread 

In North America, where the elm is a very popular shade tree, public 
control has been seriously attempted, some $25,000,000 having been 
spent on felling diseased trees — but in vain This measure has now 
practically been given up In some European countries, where elm is 
considered a nuisance because of its greediness and its abundant seed 
production no serious control has been tried Man> Asiatic elms are 
resistant and several resistant varieties have been found m breeding 
work, particular!) m the Netherlands 
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California has embargoed elm trees (and wood with bark on) from 
states not free from the elm disease and phloem necrosis of elm. The 
last named American disease probably provides the motivation for the 
maintaining of embargoes in several countries outside of North America. 
Canada permits import of logs with bark only when kiln dried. 

6. Potato Root Eelworm, Heterodera rostochiensis 

This cyst-forming eelworm is called "the golden nematode because 
of the orange color of the mature cysts. Potato is the most prominent 
host plant, but tomatoes may also suffer severely, while eggplant, 
Solatium nigrum, and S. dulcamara are less liable to infection. One 
potato plant may leave many thousands of cysts in the soil, each cyst 
containing hundreds of eggs from which larvae emerge for the next 
8-10 years. 

Spread is possible in many ways: through cysts attached to seed 
potatoes, by potato peel being thrown on the compost heap and reaching 
the garden, and by old potato stalks. Loose cysts in infested soil may 
spread with potatoes, on plant roots, or on dirty sacks and crates. The 
role of muddy boots in local distribution should not be underestimated; 
tractor wheels and other machinery are also very efficient carriers. Water 
and sedimented soil from potato starch and sugar factories may carry 
cysts and spread the pest if discharged into agricultural land. 

A list of dates, stating when the pest was first observed in the various 
countries is given below, but such a list should not be regarded as a 
reliable guide to the course of distribution. Intensity of potato growing 
and thoroughness of surveys determine to a much higher degree the 
moment of first observation. 


1881 

Gcrminy: cysts on potato 
roots mentioned I»y Kuhn 

1941 

The Netherlands; Long Is- 
land, New York State (prob- 

1918 

Scotland, Germany (Rostock, 


ably 20 yr. old) 


whence the name) 

1940 

Finland 

1917 

EnRland (or even c.irljer) 

1948 

France 


Considerable increase during 

1949 

Belgium 


World War I 

1931 

Austria (1949 ?) 

1022 

Sweden, Ireland 

1932 

Spain 

1928 

Denmark 

1953 

Greece, Algeria, Iceland 

1088 

Guernsey 

1955 

Israel, Norway 


ScNcre Increase during Wwld 

1930 

Portugal 


War 11 

1938 

Switzerland 


Reports of occurrence also exist from Luxembourg, Jersey, Peru, 
Lux’pt, Lib>a. Morocco, and Malta. On the whole, this pest does not 
scom^ to thrive in the dr>' soils common in the Mediterranean region. 

Sins against the law of rotation** arc the worst factor in releasing 
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visible attacks potato rye potato or potato cauliflower potato are stnk 
mg mstances Town gardens with no rotation at all are ideal for the 
nematode In rational agriculture the attack is rarely seen, until produc 
tion of fancy potatoes once (or even twice) a year goes beyond the 
bound of all reason, in such cases exchange of crates returned from 
market may well speed up the disaster 

Soil analyses for cysts give reliable information if samples are taken 
conscientiously in the field Following the Long Island case, all im 
portant potato districts of the United States were searched— fortunately, 
with negative results That the golden nematode has not spread to the 
American continent is a marvel, only one case (from New Jersey in 
1952) was reported 

Nurseries are strongly advised not to grow potatoes m several 
countries potato growmg in nurseries is strictly forbidden and sampling 
IS a prerequisite to export and issuing of health certificates The same is 
true m potato seed certification and export For table potatoes screening 
of surface borne soil for cysts may perhaps be sufficient Since nurseries 
potato fields, and bulb producing areas may be infested from nearby 
gardens, protective zones may be established in which potato growing 
can be forbidden or long term rotation be enforced Old sacks crates 
and tools and machinery can be eflSciently fumigated 

Washing of potato tubers is not 100% efficient disinfection of tubers 
IS not possible in practice How difficult washing really is may be seen 
m the case of pips of lily of the valley first washed before export from 
Europe next washed in New York but still containing cysts A hot 
water treatment or growmg m a quarantine greenhouse the soil of 
which could be steamed has been found necessary in such cases 
There is a marked tendency to replace the obsolete ‘years and 
VvAometers TeslniAiOTis "wAb VhtA of OT^xn sb-aW 

be proved free from golden nematode 

The EPPO (19551) after repeated discussions m a working group 
recommends to member governments the following policy 

There is no scientific justification for prohibiting the entry of 
potatoes or other plantmg material into countries where potato 
root eelworm is already known to be widely established If there 
are countries where the nematode has been shown not to exist, it 
may be reasonable to prohibit the entry of potatoes and tomato 
plants, but not of other planting material TIic only practicable 
method of detectmg the presence and degree of soil infestation is by 
the systematic sampimg of fields Tlierefore exporting countries 
should be required to have in operation an effective sampling 
s^stcm 
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We strongly urge the adaption of a uniform sampling system m 
all countries From the biological standpoint, a certificate of 

freedom from eelworm will remain valid for as long as potatoes are 
not grown in the field sampled 

Countries which are partly or entirely free from eelworm may 
reasonably require that any planting material should be admitted 
only from land which, as a result of sampling tests, had been de- 
clared “free’ from eelworm. and further that such planting material 
should as far as practicable be free from soil 

7 Discussion 

It IS only human for people who are plagued by restrictive measures, 
and who cannot — or will not — see the other side of the problem to feel 
a certain satisfaction if the sign ‘failure* can be hung on the plant 
inspection offices Analogies of the platitude “my pocket was picked, 
therefore the police are no good are not unknown to the quarantine 
authorities The cases described m Sections I, A, 1-6 above may appear 
as so many failures in attempts to forbid introduction A thorough study 
will, however, show a striking difference from the epoch of clubroot 
dispersal to citrus canker introduction — and its eradication 

Colorado beetle invasions are surveyed and eradicated at low cost, 
compared with a country’s expenses for spraying all potato fields Potato 
\sart was said to be introduced into the United States after the crucial 
year of 1912, but actually it seems to have arrived with European table 
potatoes in 1911 Dispersal inside the United States has been prevented, 
and in Europe the time gamed for breeding of valuable immune potato 
varieties has been important Pathologists should not promise to keep a 
disease or pest out forever, but they should stick firmly to the fact that 
e\er> gear’s delay means that money for control is saved, that export 
difficulties are avoided, that breeders and chemists have time to work, 
and that officers can prepare for local quarantines and other measures 
of retardation or even eradication 

It IS a time worn dogma that diseases spread by the wind fall outside 
the quarantine officers’ bailmicks Rust spores and wind borne insects 
arc not stopped lij political frontiers The hordes of rust spores earned 
hv the wind from Mexico to the prairie stales arc greatly reduced when, 
as a result of cooperation liclwccn the two countries, rust resistant 
txmals arc bnd and grown in Mexico In India, where the rust is 
exttnniintcd b> the summer heat of the xallevs, but reestablished from 
gniinfiilds in t)ie mountains, the growing of (he grain has even been 
forhuhUn in certain mountain districts, a measure to be replaced b> the 
fnlriKluction of resistant varieties In organwed campaigns it lus, under 
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some conditions, been practical to compensate for eradicated trees or 
other crops, not with money, but with plants— in order to seize the 
opportunity to introduce immune varieties 

It is the experience of advisory departments that a “new attach ’ is 
rarely discovered immediately, but within one particular week or fort 
night several cases turn up One cause is stressed by Smith (1957) 
writing on cereal yellow dwarf “In New Zealand the disease has ap- 
parently been present for many years and the slowness with which 
trained plant pathologists are able to recognize even common diseases 
makes one question the value of quarantine regulations (carried out by 
less highly skilled technicians) under our present state of knowledge of 
disease distribution ” 

Plant species or varieties valuable in one region succumb to attacks 
of hitherto innocuous diseases or pests when brought into another The 
results of bringing the potato to the home of the Colorado beetle were 
unpredictable Berbens vulgaris (recommended by learned societies for 
hedges), spiny and with useful berries, made the density of Puccinta 
grammis spores soar sky high, and enabled the fungus to form new 
races Introduction of ‘innocuous” pests or diseases has sometimes 
proved equally fatal The yellows virus is not found in aster m China 
but m wild plants m North America, in order to establish aster yellows 
the flower had to be imported from the East and a leaf hopper (Euro 
pean ?), from the West! 

To establish a certain balance with these tragic events we must 
admit that in untold cases th» introduction of a pest has not caught on 
(McCubbin, 1946) It may happen that the fungus or msect finds no 
suitable host, because of climate or edaphon, it develops too slowly, is 
knocked out by competitors and disappears unnoticed It is agreeable to 
kntfw a pa\ViC>g«n 'wAh w \\3ibe5s wdl wA 

thrive, but it is rather risky, with no expenence at hand, to investigate 
whether it will or not 

Not all “new” attacks are introduced New physiologic races may 
turn up as is too well k•^o^vn from the rust fungi Alarming cases of race 
formation have appeared in potato wart, which in many countries is 
still found to be due to one race of the fungus — and in potato root 
nematode too In Wagemngen, new races of il/c/nmpsorn in poplar In\e 
been studied m nascendt, they were due to crossing uhile growing in 
the intermediate host, hrch (Van VIoten, 1944) 

B Potential Dangers of Introduction 

Much stubborn rear-guard action has been necessary because of lack 
of foresight and also because of the limited funds .available for tliorough 
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surveys. Both above (Section A, 1-7) and in the following pages in- 
stances are mentioned of unknown or unheeded diseases which have 
developed into catastrophes. Citrus canker was not serious in Japan; 
neither was the Japanese beetle. Many fungus attacks are inconspicuous, 
at least to the untrained eye, their spores being for the most part in- 
visible, and the same is true of many other groups of pathogens. 

For tourists it is often difficult to secure an outport inspection; how- 
ever, pests dangerous to tropical crops have been introduced by tropical 
ornamentals brought home by interested collectors. 

1. Potato Viroses 

In reading through import ordinances of some particular country in 
order to ascertain obligations to be fulfilled before a certificate is issued, 
one may wonder at the strange diseases which must be mentioned in 
“additional declarations.” The explanation is usually that the country in 
question is importing from widely separated regions and wishes to safe- 
guard itself on all sides. 

The virus disease potato spindle tuber {Solarium virus 12) has its 
home in North America, where affected plants are rogued out in con- 
nection with potato seed certification. The disease is reported from 
Russia and Poland, where it is thought to have been introduced from 
North America, and passed on to Rhodesia. Potato yellow dwarf (So- 
lanum virus 16) seems to be limited to the United States and Canada; 
several host plants are described, among which are red clover and other 
species of Trifolium A cicada {AccratagalUa sanguinolenta) is the vec- 
tor of the virus, not only between potato plants, but rather frequently 
from red clover to potato. 

A group of viruses, causing big bud in tomato and stolbur disease in 
potato, and attacking several plants of widely separated families, still 
needs much research, but the stolbur phenomena in potato are alarming. 
From Russia and from a region including Czechoslovakia, central Ger- 
many, Switzerland, and Italy attacks are reported. Potato purple-top 
wilt, mentioned from Maine and New Mexico, may belong in this 
group of viroscs too. Stolbur is transmitted by potato tubers, and their 
sprouting is badly affected. 

Concerning spindle tuber and other potato viroscs, EPPO (1955b) 
advises inspection of seed in the fields of the exporting country and 
post-cnliy quarantine. 

Potato vinis X is tlic subject of increasing interest, since it lias been 
possible, by means of serological reactions, to test plants, produce X-frcc 
clones, and demonstrate a considerable decrease in yield due to the vims 



9 QUAHANTINES 


323 


infection. Like virus X, the more or less related viruses S— first found 
by Dutch pathologists, but apparently common in Europe — and virus 
M, found in the United Stales, frequently show weak symptoms or none 
at all. Since sera are avadable, it should be natural first to investigate 
the representation of such viruses in the national varieties and then to 
take the measures to have vinis-free seed potatoes produced or 
introduced. 

Countries with a well-developed certification of potatoes (and other 
plants intended for propagation) based on field inspection and labora- 
tory testing and which publish their tolerances are justified in request- 
ing that imported plants should be certified on the basis of tolerances 
at least equal to their own. 

2. Stone Fruit Viroses 

Of botanical families the stone fruit trees have proved to be among 
those plants which suffer most frequently from virus attack, and investi- 
gations of the geography of these viroses is bound to give an abundant 
and deplorable harvest. 

Phony peach is a classic disease, recognized as a virosis m the late 
twenties. It seems transmissible only by means of root grafts and, as has 
recently been discovered, by one or more species of leaf hoppers, more- 
over, the incubation is usually more than 1 year Peach yellows has even 
2-3 years of incubation, but it is transmitted by the grafting of twigs 
and buds; cicada are responsible for local spread. These diseases, like 
several viroses of the various stone fruits are, as yet, only noted from 
North America; others are so similar to viroses found on other con- 
tinents that attempts at identification will probably give positive results 
A dangerous trait is that they are somewhat inclined to be "omnivorous”, 
many of them attack a number of species, a few of them are even har- 
bored by plants outside the stone fruit family. 

Internal quarantines in connection with eradication measures have 
given positive results in the case of phony peach, aided by a special color 
reaction. Thermotherapy has given results which may he valuable in 
practice. Most important is a thorough certification of nursery trees 
based on tested, healthy mother trees. 

Embargo is a natural first reaction to fruit tree viroses, especially 
since post-entry quarantine is diflScuIt in cases of long incubation. How- 
ever, a next step must be taken: the admitting of products passed by a 
reliable nursery certification, possibly combined with post-entry quar- 
antine (Cochran et at, 1953). For Frunus amcricana and P. virginiana, 
which are symptomless carriers, embargo is necessary. ^Vhen the occur- 
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rence of the different viroses is better known, a group action (see Se(> 
tion in, C, 2) of neighboring states will, in all probability, simplify and 
alleviate international requirements 

Virus transmission through seed is known for at least four viroses 
m stone fruits, a matter that inspires a conservative view toward im- 
portation of such seeds 

3 Coffee Rust 

Discovered in Ceylon in 1869-1870, coffee rust forced coffee farmers 
(because of immense losses in the following decades) to give up this 
profitable culture and to change over to the growing of tea Both in 
Ceylon and in East Africa local study and old herbarium material sug- 
gest that the rust existed as an innocuous parasite on wild coffee, turned 
loose by the monoculture Toward the East it has been carried and 
spread as far as Samoa, m Africa it was noted m Natal in 1878 and has, 
by Its spread, frustrated coffee growing m many low-lymg districts of 
East Africa West Africa, South America, Mexico, and the West Indies 
are uninfested Reports exist that the rust was seen and eradicated in 
Puerto Rico 

Where the climate is more favorable to the coffee bush than to the 
rust — mostly at altitudes over 5000 ft — protective spraying is profitable 
Crossbreeding for resistance is practiced in several places but decisive 
results have not been obtained, as an aid to safe exchange of plant 
material, F A O is maintaining a quarantine station m Portugal 

The uninfested coffee growing countries are of course highly inter- 
ested m keeping this danger at a maximum distance Regarding a com 
mission appointed in Ceylon in order to promote the study of the dis- 
ease Large (1940) writes ‘The action was taken 10 years too late” 

4 Cereal Smuts 

A few species of smuts arc so commonly associated with gram culture 
(although reduced in intensity by seed disinfection) that they might 
well be termed standard smuts Apart from these, a couple of varieties 
have been discussed as objects of exclusion measures 

Bunt of r>c {TtUelta secalts) is reported from a belt beginning in 
the French Alps and stretching over Czechoslovakia and Bulgaria to 
Russn, it has been found 2 or 3 times m Great Bntam hut never outside 
Europe Seed disinfection is reported to he efficient Flag smut of wheal 
(Urocj/sffs fnfici) has a rather widel) spread range (Commonwealth 
Mscological Institute. 1953). the United States forbids import of wheat 
gram and straw from certain countries, while Canada in general forbids 
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import of wheat, including straw, bran, etc , but exempts states which 
can certify that wheat flag smut does not occur m the localities of origin 
EPPO (1955b) has pointed out that in spite of enormous quantities of 
wheat imported to Europe, introduction of these tivo smuts seems min 
imal, furthermore, the knowledge of races is scanty For these reasons 
specjaJ measures ^vouId seem unnecessary at present 

Dwarf bunt of wheat {Ttlletta brevifaciens) seems mainly to spread 
by soil, and the Indian carnal bunt of wheat (Neocossie mdica), by the 
wind only, circumstances which make quarantine measures concerning 
gram uncalled for 

5 Discussion 

Several deserving authors have published lists of diseases and pests 
occurrmg outside tlieir own country (Stevenson, 1926, Hunt, 1946, 
Pierce, 1917) Such lists are of lasting value for reference, but they 
should not be used as the only basis in compiling lists of plants or 
products to be embargoed or admitted conditionally The most im 
portant factor is communication between patliologists of the countries 
which exchange plants and products Foreign diseases and pests may 
be Items of minimal danger, as, for example, when the host plant is 
rarely cultivated However, we have experienced painful surprises (see 
Section I, A, 2) All grades exist — from “no danger’ to “immediate dan 
ger” — because of the everyday possibilities of quick transport and the 
economic importance of susceptible cultures In such cases the Services 
may be prepared by having regulatory measures authorized for immedi 
ate printing, by means of control, by sprayers and remedies, b> having 
posters and press material ready, and, last but not least, by having men 
and money available for quick transfer to the scene of an emergency 
It IS particularly aggravating to find, when the danger of a certain 
import has been assessed, that the plants or plant parts have been de- 
signed for propagation As pointed out by Stevens (19-19) those oma 
mentals most lut by disease are vcgctativcly propagated 

It may seem absurd to enforce severe restrictions against attacks 
winch have ahead) gained a certain foothold in a countr), the explana- 
tion ma> be that the item is vcr> dangerous and that “we have enougli 
of It,” hut another good reason is that the invasion until now lias boon 
limited to a certain district or to a special tv^po of locaht) (eg. town 
gardens) and that much monev and energv is Iiting sptnt in pushing 
back the invader In fact the Netherlands have practicallv cradicatetJ the 
Narcissus cciworm (Ditijlcnchus lUpsacl) in the hull) fields as Denmark 
lias pricticallv eliminated black currant reversion in its nurseries 

Increased attention rnav Ix? advisable where pathogens spht up into 
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races of varying infectivity. Races of rust fungi or smuts could very 
well be spread over long distances with straw and hay. Regulations vary 
somewhat, called forth sometimes by veterinarians’ fear of foot-and- 
mouth disease, in other cases, by phytosanitary considerations; in this 
case, regulations are often lacking for straw used for packing of material 
other than plants. Australia, however, requires that all imported straw 
be burned or disinfected with formaldehyde, and Cyprus prohibits the 
import of straw if not accompanied by a veterinary certificate (order, 
1957) Similar precautions are taken in Rumania, where not only straw 
from packing, but also remains of straw and feed from cattle import 
may be landed only when accompanied by a veterinary health certificate. 

Waste and discarded material are sometimes more dangerous than 
the product itself; regulations against pests and diseases carried with 
fruit or potatoes, for example, are often characterized by these possi- 
bilities. When a ship arrives in a Rumanian port, the captain must sign 
a declaration promising not to import waste or throw it into the harbor. 

Manure is embargoed in many plant regulations, and now and then 
veterinary inspectors have had to use this embargo for their own pur- 
poses. A cooperation of plant pathologists and veterinarians might well 
contribute to uniform and simple rules. 

Soil is excluded as an import by several countries; others limit the 
rules to soil found on roots, tubers, bulbs, etc. There seems to be a quite 
understandable tendency to Bx more rigorous rules in regard to dirt in 
potato sacks, Cyprus having set the limit at Brazil permits import 
of soil with plants or independently if free from pests; disinfecting soil 
on arrival or providing imported plants witli new soil is recommended, 
however (order, 1934). 

Wood, in general, is a question not quite satisfactorily settled from 
Tx sanitaxy viewpoint. There are not only elm disease, oah will, and the 
devastating chestnut blight, but also several insects which may persist 
even longer in dry wood than the fungi. Much wood is carried around 
the world in the form of boxes and crates, at temporary bulldieads in 
ships’ holds, etc. If a California quarantine station finds crates with bark 
on the wood, the staff will look for bark beetles and eventually order 
the goods to be fumigated; similarly, willow withes from Europe and 
Canada arc not admitted to the United Slates. 


From a legal point of view advisory information has no place in an 
ordinance; it may be smuggled in, nevertheless, by plant pathologists 
eager to make the paths easy for exporters and importers. Tims the 
Unilwl Slates specifics “pcnnillc<l packing materials” (when free from 
sand, soil, and earth) sucli ns: buckwheat hulls, charcoal, coral sand 
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(from Bermuda), excelsior, exfoliated veimiculite, ground cork or peat, 
sawdust, shavings, and sphagnum moss. 

Grain, oil seed, etc., for food and cattle feed (subjects of an enor- 
mous world trade) have to a large extent been left alone, although im- 
portant posts and troublesome weed seeds are constantly depreciatmg 
values. A few countries actually require phytosanitary certificates; Can- 
ada, for example, has very appropriate regulations for export grain. 
Seeds may be imported unknowingly. Purebred merino sheep were 
selected with all possible care in California and sent to Australia; their 
health proved excellent, but in the fine wool they carried seeds of species 
of Sromus, Erodium, FesUtca, and Trifohum. It is well known that 
legume seeds may harbor both viruses and wasps (Trurable, 1946). On 
the other hand seed may be quite severely infested, and the plants still 
escape any infection (Section 11, B, 6). 

Oak seeds are embargoed by some European countries because it is 
uncertain whether or not oak wilt (Charlara quercina) is transmitted by 
seed; if further investigations show that the wilt is not seed-borne or 
that seed disinfection is efficient and simple, no embargo will be 
necessary. 

Uncertainty may cause varying reactions. Assuming that the virus 
causing Pierce’s disease is transmitted by lucerne seed, Greece forbids 
import of lucerne seed from Argentina, California, Florida, and Texas. 
Birch decline, which has been disastrous m New England and Canada, 
has been tentatively ascribed to several fungi and insects, to climatic 
influence, and even to virus attack, quarantine measures have been dis- 
cussed in Europe but postponed. 

The risk of quite fortuitous transport is ever present. A Colorado 
beetle may well find concealment in the cufF of a mans trousers if, for 
example, when passing an infested district, he has walked througli a 
potato field in order to behold the ravages, 

A frontier inspector’s imagination cannot cover all cases, cooperation 
between countries that “have” and ‘Tiave not” may be stimulating, but 
probably a public alert to suspicious phenomena is the best safeguard. 
Thus, according to Canadian law, the owner, occupier, or lessee of any 
place or premises where any pest or disease is found which is not widely 
prevalent or distributed within or throughout Canada shall immediately 
notify the Chief, Plant Protection Division, thereof, and shall send to 
him specimens of such pest or disease (Destructive Insect and Pest 
Act 1954)* Most countries include an obligatory notification in orders 
concerning the control of a special pest; both ways may be valuable— 
if the public is induced to be cooperative. 
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C Evaluation of Transport Interference 
1 Economic Motives and Effects 

Many attempts are being made to determine the losses caused by 
plant diseases and pests The International Commission on Plant Dis- 
ease Losses (under The International Union of Biological Sciences) is 
gathering material and methods for a computation with a known degree 
of exactitude A concise review is given by Ordish (1953) 

The losses of crops caused by an introduced pest or the cost of con- 
trol in order to prevent spread of a disease must be calculated with due 
regard to the scarcity or abundance of crops influencing the market 
price A simple instance may be given During the period from 1949 
to 1958 Denmark spent about $75,000 on survey and eradication of the 
Colorado beetle, which threatens the country’s southern districts It has 
proved possible to eradicate each years quota and to prevent the beetle 
from establishing itself One single spraying of the Danish potato area 
would cost about $500,000 — thus 70 times more than 1 year’s prevention 
Much larger undertakings, promoted by EPPO or its forerunners, have 
been earned through m Europe, but the economy is less easy to grasp 
Help in kind or money between countries has had excellent results, 
both m direct control and in mutual response 

In the Danish case the state has defrayed all expenses, and a hearty 
cooperation by the public has resulted McCubbm (1954) asks Who 
shall pa>? and gives the answer The man who profitsl However, quar- 
antine measures are not always appreciated by those whom they are 
intended to benefit Most stales seem to cover at least a part of the 
o\cr-all costs, while the importer or exporter must reimburse the special 
expenses in each partiailar case Tins may be enough to call forth com- 
plaints from the trade when a prospective profit may disappear or an 
c\-pcctcd business is eliminated b> a quarantine 

Quarantine measures haxc frequently been accused of concealing 
protectionism In fact persons have on certain occasions sought in some 
pest the fine sounding reason for slopping an inconxcnient import 
In most countries new quarantine measures must, in some w'ay, be 
discusscsl with the organizations of the trade and the growers before 
l»eing implemented New proposals mi) be dch>cd, perhaps nd enfenJa* 
grorrar. liecause funds ln\c not l>een granted, the brakes mav be 
apphcxl iH'cnuse interests arc loo confiicting. In sheer apathy, or 
Im-uiw it IS found that <|uar,antlne officers h.ne gone too far (in actual 
fut. as siXK-nllsts. the\ hwc more foresighted) Tlie\ are then 
accuseil of painting the devil on the wall, because the evil is still so far 
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away that the costs seem excessive in relation to the danger The pathol 
ogists may now and then have been too zealous, but m most cases the 
positive results, exclusion or delay (see Section I, B, 5), have been well 
worth some inconvenience 

It is even worse if a measure cannot be realized because of pressure 
from outside, risk of trade retaliations, etc Shelve the proposal for a 
better day and try again! 

2 Biological and Administrative Limitations 

The quarantine officers need of information is insatiable One path- 
ogen may have only one host plant or hundreds, there may be unsus 
pected symptomless carriers, we never dare think that we know the host 
range completely How will foreign fungi or pests, perhaps split up into 
races of the most varying infecliousness, react in a new habitat? What 
may be hidden m indeterminable incubation stages in imported plant 
material? We must trust the 6eld inspection and pedigree work of the 
exporting country Because of lack of information, control work was 
started too late or too sparingly, but great improvements have been 
made EPPO distributes news from its member countries FAO s Plant 
Protection Bulletin” spreads information from and to the entire ivorld, 
and American publications such as ‘Plant Disease Reporter’ and others 
are studied eagerly — and not only in North America Other countries 
issue monthly or annual reports on the occurrence of diseases or pests 

The state of California is protected by mountains, deserts and the 
sea, and has built on that natural basis a system protecting its intensive 
plant production Other states may lie open to invasion from all sides, 
the situation further aggravated by a lively transit trade Modem traffic, 
with its enormous volume and speed, has created huge problems, but it 
IS evident from the ’lists ot intercepted pathogens tViat quararAme officers 
have by no means given up The cost of inspecting a box of carnations, 
arriving by air freight at 3 a m is prohibitive — and the market cannot 
wait, It opens at 5 am Therefore, agreements are being developed, 
placing the mam responsibility on continual greenhouse inspection and 
outport checking On continents like Europe, long distance truck trans 
port IS a hard problem, the routes of the trucks are ever changing, the 
arrival at highway customs houses is most irregular, and as trucks run, 
for example, directly from a nursery in one country to a distributor in 
another, the consignor feels it to be absurd that the plants cannot be 
jammed into the truck — completelj inaccessible to a frontier plant 
inspector A modus vtvcndi can be arranged, letting the truck run m 
customs bound directly to the consignee, where a customs officer and a 
plant inspector supervise the unloading But a cooperation among groups 
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of neighboring countries, placing an increased weight on inspection in 
field and packing shed, might improve the situation. 

The world trade in grain and in wood, forms a problem largely un- 
solved because the volume is so enormous, the trade mostly reluctant 
(to state it mildly), and tlic conditions on unloading adverse to inspec- 
tion. When a ship collects its cargo in many small lots from several 
harbors, inspection is not only very difficult, but mutual infestation 
between lots likely. For grain, at least, a reliable outport inspection 
would solve the main problems. The argument that “it cannot be done 
is frequently heard, nevertlieless, it is done; c.g., in Canada. Quite the 
opposite side of the spectrum is represented by passenger luggage; many 
countries admit, e.g., 5 kg. of fruit, vegetables, etc., for a passenger, 
although not always without misgivings. It is the wormy fruit that is 
thrown out of the compartment window — to end where? Gift packages 
sold to tourists are, deplorably enough, not always fancy in quality. 
Moreover, there is a general tendency to minimize customs inspection; 
a botanist may travel unhindered from Stockholm to Rome with living 
potato wart placed in a flask openly in his suitcase! Certain countries 
take a rather liberal view, allowing passengers to import 10 or more 
kg. or plant material on modified conditions when it is not for planting 
or propagation. 

Illegal trade and carelessness in private traffic involve considerable 
danger. It is supposed that the potato root eelworm was introduced to 
America by way of a ship’s ballast, illegally consisting of soil instead 
of gravel, and subsequently dumped on Long Island. A serious first 
infestation with San Jos4 scale was smuggled into Germany with fruit 
trees imported in violation of customs and sanitary regulations. Physiol- 
ogists import the largest cockroaches for their experiments; geneticists 
smuggle scions and small plants containing dangerous viruses, gene 
hunters bring potatoes home from South America, disregarding one or 
more potato smuts hidden in the tubers. “Professors are among the 
worst quarantine breakers,” says an experienced European official. 

The sport of finding loopholes has an irresistible attraction for some 
people. The undesirable result is that in order to stop loopholes, acts 
and regulations are made more severe and intricate than would other- 
wise be necessary. 

It is desirable to create — ^perhaps best by repeated small doses — a 
public opinion agreeable to the needful regulations. Leaders of farmers’ 
and nurserymens’ organizations and farsighted tradesmen should be kept 
informed — and thrilling news will always have die interest of the press. 
‘Acts and ordinances remain more or less powerless when an honest 
will docs not place them in mans heart” (Gustav V, King of Sweden). 
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II. Quarantine Measures 
A. Embargo 

Embargo may seem an easy way to keep out a newly reported attack 
from abroad, but several difficulties and objections have been registered, 
in many cases an embargo ought to be only temporary until better 
measures can be outlined as the result of a more intensive study of the 
attack and its limitations 

A perfect embargo, built like a Chinese wall around a country, would 
stop all development — but breeders and scientists, nevertheless, must 
have new material. On the other hand, a country with less exacting 
requirements than most others is apt to be a dumping ground for low 
grade products. 

1. Local Regulations 

In order to stop a local hut menacing attack, delimitation of a district 
from which host plants or other plants must not be taken away has 
proved useful, sometimes a protective zone with less severe restrictions 
is placed around the district The NoiAvegian regulation against spread 
of clubroot has been mentioned (Section I, A, 1) In certain cases, both 
in Europe and in North America, such a local quarantine includes sev- 
eral states or districts within states In other cases states, on their own 
account, declare an embargo in order to protect themselves, e g , against 
the potato root eelworm on Long Island (see Section I, A, 6). Such an 
embargo has been followed up m California by the establishment of 
inspection stations in all places where highways lead into the state with 
the result that forbidden material is frequently discovered and retained 
A demarcation line has been drawn between Colorado east of the 
Rockies and west of them in order to protect Utah from invasion by 
the Colorado beetle In the United States internal quarantines can 
quickly be established by the individual states, while quarantine ordered 
by the federal government must inevitably take longer, the trade, how- 
ever, prefers federal quarantines because of their more uniform character 

2 National Prohibitions 

Most embargoes are directed against special plants (barberries, hops, 
tobacco, Hevea, and many others) or seeds; in some cases, against special 
plants of particular origin New Zealand (order, 1957) bars nil fruits 
and vegetables from countries infested by the Oriental fruit fly, as well 
as oaks from North America and Japan; England excludes Pntntis plants 
from outside Europe and Rosa spp from Australia, New Zealand, and 
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Italy, in principle the United Slates forbids nursery trees and shnibs 
generally, and potatoes from most countries; however, certain exemp- 
tions are provided for. 

EPPO has from the beginning maintained an attitude of reserve con- 
cerning embargoes. An early report (EPPO, 1951) suggests a minimum 
of comphte embargo on imports and then only after careful study. For 
example, potato ring rot, caused by Corynchaclcrittm sepedoniewn is 
considered as follows (EPPO, 1955b). Nothing short of a complete em- 
bargo on the import of main crop potatoes from infested countries can 
guarantee against the introduction of the disease. On the other hand, 
before considering such drastic measures, governments should bear in 
mind that if potatoes intended for seed are not cut before planting, there 
seems to be little rislc of the disease becoming serious. 

When an import of corn borer larvae for bird feed is started, it is 
natural to intervene, in fact many countries have a paragraph forbidding 
the import of living insects (except honeybees, for which special rules 
exist) and of cultures of pathogenic bacteria and fungi. It may be diffi- 
cult enough to make such a paragraph logical ns well as making it 
"hold water,” but the intention is clear enough; perhaps a sentence from 
Sweden’s law could be added: Whosoever acts against the aim of the 
law breaks the law. 

Countries with no phytosanitary service might expect to see em- 
bargoes rising up against them everywhere, as a matter of fact it is 
these very countries that are the happy hunting grounds of botanists and 
geneticists The limited material brought home is usually inspected thor- 
oughly and guarded under a prolonged, post-entry quarantine. 

For small countries densely surrounded by others, quarantine walls 
are likely to be only paper walls, if neighboring countries cannot agree 
to establish group action 

B. Conditional Import 
1. Inspection at Place of Origin 

Among the early recommendations from EPPO is field inspection 
during the growing season in the exporting country; this is especially 
necessary for virus diseases. Tlie wording of the Rome certificate (FAO, 
1951) . . . were found to the best of his knowledge to be substantially 
free from injurious diseases and pests” is understood to refer mainly to 
the final outport inspection Since field inspection is practiced in several 
countries for potato certification and in some countries for nursery sani- 
tation, very precise tolerances are listed for first, second, and third field 
inspections, and for foundation and elite material, as well as for the 
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stock to be offered for sale Often these tolerances are included m the 
inspectors’ instructions m order to make it easier to revise them annually, 
and to tighten up rules, using the thumb screw method, when conditions 
allow for it The tolerances may, to some degree, be influenced by the 
individual requirements of importing countries, but m most countries 
the certification is just as important for the national market 

Inspection of seed fields is earned out by seed firms and is mostly 
concerned with purity and quality Very few countries have arranged 
for sanitary mspection of seed fields, but it will be necessary to take the 
matter up EPPO (1955b) indicates some diseases for which a request 
for field inspection (or production in a territory where the disease is 
unknown) is justified barley stnpe mosaic, bean bacterial wilt tomato 
bacterial canker, common bean blight, pea bacterial blight and bacterial 
spot of tomato and pepper 

The selection of individual mother plants, clones, etc, is m some 
countries, entrusted to special semioflicial committees or the entire 
certification instrument is assigned to one or several committees m con 
nection with the official service which takes over responsibility for out 
port inspection and certificates 

This system has proved useful in temperate zones for nursery stock 
and seed potato certification, it may be equally practical where healthy 
stock must be selected from sugar cane or other tropical crops propi 
gated vegetatively 

When the rules for field inspection are published, foreign services 
and prospective buyers estimate which grades they can approve No 
country need accept stock inferior to its own 

Pedigree work is especially important when the crops harbor diseases 
with long incubation (see Section I, B, 2) A gradation may be desirable 
according to symptoms and to the economic importance of the crop 
Some countries embargo roses from Australia, New Zealand, and Ital> 
because of rose wilt or elm from North America because of phloem 
necrosis EPPO (1955b) finds post entry quarantine sufficient, a relnblc 
nursery mspection would strongly support this viewpoint What should 
be done with a consignment of Daphne full of mosaic^ Presuming that 
the mosaic is due to the omnipresent Cwcimiw vims 1, Jeniencv has been 
argued for, ‘but to send infested produce from one countr> to another 
IS one of the surest \\a>s of bindenng international trade " is one of 
the conclusions of a conference con%encd by EPPO (1958h) in order to 
discuss tuo important fruit pests 

Field inspection uill alwa\s in practice supply growers with advice 
concerning control Tins advisory work may well be worth the extra cost 
of field inspection Moreover, intensive control in an exporting country 
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is the first line of defense of importing countries. For countries with an 
important plant export, embargoes and other hindrances may mean tliat 
no margin is left to pay for rational control of diseases and pests. 

2. Outport Inspections 

The standards set for inspection of plants and plant parts leaving the 
country and the tolerances admitted arc to a large extent determined by 
tile requirements of importing countries. When requirements differ essen- 
tially, it is seen that a service may be authorized to use varying toler- 
ances. It should be added at once, however, that several countries aim 
at standardized products and at a reputation for high standards, not 
only of health but also of quality grading. Canada (1954) gives elaborate 
rules for health of apples, potatoes, etc.; Denmark has special acts con- 
cerning quality grading of export fruit, vegetables, and potatoes, but 
the inspection is referred to the phytosanitary service. Some countries 
have the supervision of, e.g., fruit export allotted to two or tliree 
ministries, a method inclined to create overlapping and some confusion 
among both buyers and sellers. 

It is a matter for discussion whether depreciation of the commercial 
value, such as bruises in fruits or PenicUlium in bulbs, is not entirely 
the concern of the trade. The tendency, however, is apparently shifting 
from the old “it will just scrape through” to “how will the consignment 
look on arrival?” Slow or fast transport is also a decisive factors if 
Exobasidium laponicum and other fungi attacking Azalea are not thor- 
oughly controlled at the place of production, they may well become 
visible during transport. 

It is prescribed, in some ordinances, that consignments should be 
inspected and sealed on the premises where produced. Experience, 
however, has shown, as, eg, in the case of the Colorado beetle, that it 
is safer to take the goods to special riddling yards or packing houses 
where the inspectors have every possibility of getting an over-all picture 
and can pounce upon lots needing more than a mere inspection of 
samples. Riddling and packing, moreover, can be much more eflBcient 
in large establishments; the grower, on the other hand, has not always 
the heart to be too severe when grading his own product. Even when 
the inspection in the riddling yard is thorough, the existence of an in- 
spection immediately before loading has, in actual fact, improved quality 
and prevented “mistakes.” 

^Vhe^e export of orchids or carnations becomes a regular industry — 
with a very fast shipment as a prerequisite, arrangements are made to 
inspect the greenhouses weekly, thus considerably expeditinc outport 
inspection. 
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It is natural to inspect the whole of small consignments. Of large 
shipments samples must of necessity be selected, usually a definite pro- 
portion being prescribed in the inspectors’ instructions. However, varia- 
tions arc natural; lots from regions exposed to infection will be scrutin- 
ized carefully; and the same applies to concerns which are felt to take 
a carefree view of grading or to practice \Wndow dressing. The outport 
inspection of grain, oil seed, etc., is bound to be an important question 
in the coming years (see Section II, B, 6). 

Soil, teeming as it is with both useful and harmful organisms, must 
always be suspect (Section 11, B, 5). When a country absolutely pro- 
hibits the import of mold (top soil), compost, and manure, it will not 
always be the plant inspector who must intervene. When it is a question 
of “soil, sand, and dirt” accompanying plants, the outport inspector must 
clarify the strict meaning of “free from,” which is so foreign to the 
professional nurseryman’s ideas Neighboring countries suffering to the 
same degree from the same soil-borne pest may agree on a tolerance 
regarding soil on roots EPPO (1951) recommends the term “reason- 
ably free from soil,” a good formulation — when the services concerned 
are on good speaking terms. 

A plant inspector from the importing country cooperating with his 
colleagues of the exporting country — from the packing house to loading 
— ^will save a lot of inport inspection When a cargo of potatoes is 
loaded for export, the critical representative of the hnyer will he on the 
quay. Why not the phytosanitary inspector of the importing country^ 
TIus practice has been initiated and found equally profitable to both 
seller and buyer — not to mention its soundness for the inspectors. 

The influence of proper packing on quality is important. The incon- 
gruity of healthy plants packed in infested straw, dirty sacks, or un- 
stripped wood cannot be tolerated. 

At long last the phytosanitary certificate has been issued (see Sec- 
tion III, C, 1). Exporting countries should take note that some countries 
may not require a certificate, e g , at import of fruit, but they may still 
reserve to themselves the right of inspection, if then San Jos^ scale is 
listed among dangerous pests and the scales are found, the consign- 
ment may be rejected 

3. Transport Measures 

Transport lasting for weeks in ordinary ships may aggravate attacks 
invisible or hardly visible at outport inspection. Slight frost injury just 
before loading may develop into serious nests of rot; ‘beating during 
transit” may cause retarded germination of potatoes and special bulbs 
Cases are Imo^v^ where powdery scab, caused by Spongospora suhter- 
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mnea, lias developed from tiny blisters on loading into typical lesions 
during a 4-week journey. 

Ships with cold storage installations have proved useful in the control 
of fruit flies (Cerntitis spp-)- Early experiments have been carried out 
in connection with transport from the Hawaiian Islands (Back and Pem- 
berton, 1916). The U. S. Department of Agriculture prescribes 34° F. 
for a period of 20 days for the Mexican fruit fly. For citrus fruits and 
grapes New Zealand permits a combination of cold storage before load- 
ing with cold storage during transit. Tlie treatments, which may be 
slightly varied according to the species of flies and origin, are also 
accepted as efficient against scale insects (FAO, 1957a). Documentation 
of temperature and duration of treatments may be obtained from self- 
recording instruments. 

4. Inport Inspection 

The majority of countries, by means of acts and ordinances, have 
reserved to themselves the right to a phytosanitary inspection of most 
kinds of incoming plants and plant parts. The Service should have the 
right to take samples for closer inspection. 

Efficiency depends on the knowledge and skill of the inspectors, but 
also on a very close cooperation with customs authorities in airports, 
prominent ports, railroad stations at frontiers, and market balls. Some- 
times it may also be necessary to call for the assistance of the public 
appraiser. 

That inport inspection can be efficient is evident from the published 
lists of intercepted pests and diseases The increasing knowledge of virus 
attacks and other diseases invisible at the moment of import may seem 
to reduce the value of the customary inspection, but it would be more 
correct to state that it is being extended by referring a good proportion 
of plants to post-entry quarantine — and some to disinfection. 

The routine trade with large shipments, according to many experi- 
enced quarantine officers, is not the most dangerous, there will usually 
be tlie best contact between services as far as staple products are con- 
cerned Tlie tourist and other passenger traffic, with its manifold and 
unpredictable luggage, is raising questions which call for a practical 
solution. Sherman (1957) points to the more than 100,000 aircraft com- 
ing from abroad to the United States in the course of a year, which are 
inspected, together with the luggage of perhaps 4,000,000 to 5,000,000 
passengers, he points to one case where an aircraft arriving at Honolulu 
from Japan brought, as stowaways, 48 living Japanese beetles— certainly 
enough for development of a prolific clan — and this happened in spite 
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of the usual public healtli dose of aerosol Sherman’s proposals are 
mainly aimed at arrivals in the United States, continents divided into 
many countries or territories are much worse off And if the countries 
merge into smaller or larger economic units with the intention inter alia 
of lowering customs walls — and since customs inspection of passengers 
goods is more or less made a sheer formality — it is not too soon for 
quarantine officers to look out for other possibilities of inspection 
It is known that the Mediterranean fruit fly was introduced mto 
Florida in 1929 and soon eradicated, when it was discovered again, in 
1956, tourist traffic was blamed for the transfer Since the fly had been 
intercepted 1217 times between the two periods named, this is a justi 
fiable assumption (Shepherd, 1957) 

To prohibit all plant material m passengers luggage would be a 
drastic measure There might be more time available at outport than at 
mport inspection, and apprehension of prized plant material would, 
perhaps, be less irritating before departure than on arrival However 
with outport customs inspection dwindling, there seems little hope of 
making this change For some countries at least it might be practical 
to print an attractive and concise folder, telling what not to import and 
why, and to request simultaneously that it be delivered with each ticket 
sold to such and such a country It is illogical to cater to tourists and 
then on arrival to deprive them of corsages and treasured cuttings 
brought along for friends’ 

It is more practical to examine passenger vehicles than the pas 
sengers The surroundings of aerodromes should be searched for pos 
sible escapees, traps can be very useful, and the interest of collectors 
could perhaps be aroused Goods earned by trains may be well m 
spected, yet casual remains in freight cars be overlooked, as well as 
fruits and vegetables in the pantry of dining cars Not a few pests and 
diseased plant parts have been intercepted in ships' stores 

The expenses of comprehensive inspection are high for a large 
country like the United States with a relatively short frontier, the 
nation can bear it For small countnes the burden usually is too great, 
and some parts of the frontier are neglected Here again group action 
of neighboring states must be the way out Europe could not afford to 
keep the Colorado beetle out, but must now afford the control of if 
In the majority of cases the inspector gives the customs the notice 
permitting the goods to be imported Some are directed to a more or 
less extended post entry quarantine and a few must be disinfected or 

rejected all according to the instructions the inspector has received 

He is justified in expecting these to be clear, consistent, and tint duo 
regard be given to experience 



338 


rnNST GnA^t 


5 Disinfection 

Fumigation against insects and other invertebrates is treated in Sec- 
tion and disinfection of seed is considered below (Section II, 

B,6). In a few cases, when bulbs, tubers, etc., are exported from coun- 
tries where the Colorado beetle is established to countries free from 
thiq pest, agreements are made regarding treatment with DDT, nap i 
thalene, etc. 

The possibility of utilizing thermotherapy against viruses may become 
useful in international trade with budsticks, cuttings, etc. Methods have 
been sought for disinfecting nursery tree roots against dangerous com- 
pany such as potato wart and nematodes, for an additional protection 
of roots against the hardships of severe washing, and against damage 
en route, but as yet with no practical results. 

For the control of grubs in earth balls U. S. Department of Agricul- 
ture advises the simple and quick method of injecting ethylene dibrom- 
ide into the balls. 

6. Seed^ in Tons and Grams 

According to the International Plant Protection Convention (see 
Section III, C) the contracting governments decide to what extent seeds 
should be included under “plants*^ or under “plant products.” Seeds are 
so diversified in type and use that it is difficult to bring them all under 
common rules. 

Studies of seed transmission have been carried out in several cen- 
ters, resulting in lists such as those of Orton (1931) and LeClerg (1953). 
From Egypt a list of diseases not found is published; from Indonesia a 
list of seeds admitted. EPPO (1954) h^, in cooperation with the Inter- 
national Seed Testing Organization, appointed a working party on seed- 
bome diseases; in the first report it indicates 15 diseases worth attention 
in international trade, and for 8 of diese advises that the locality of 
origin should be free from the disease in question. 

One great difficulty is that a certain fungus may be disastrous in one 
country but innocuous in anoUier; even within one district growth con- 
ditions may be decisive. Fortunately all seed-borne infestations are not 
seed transmitted, as is found in comprehensive experiments (Neergaard, 
1949). Notices on fungi found in a sample of seed, therefore, should not 
be framed in such a way as to give the buyer a pretext for refusing it. 
On the other hand, of some hundreds of viroses described, about 50 are 
seed-bomo, and sometimes in unexpected ways, as, for instance, when 
Cineraria seed is 50% infected witli tomato spotted wilt. Even a slight 
seed infection may, through secondary spread, be injurious. In these 
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cases field inspection (see Section II, B, 1 ) is called for if the country 
cannot be declared altogether free from that particular virosis 

Freedom from seeds of parasitic plants and even from noxious weeds 
or weeds rare in the importing countrj^ may be included m the demands 
for imported seed This stresses the necessity for coordination of seed 
testing witli sanitary inspection Several countries prohibit the im- 
portation of coniferous seeds from a genetic standpoint, mostly leaving 
open the question as to who m the exporting country should shoulder 
tile responsibility. 

About thirty countries require that all seed imported should be ac 
companied by a phylosanitary certificate — an almost too easy way of 
solving the problem "An official declaration that a seed consignment 
has been examined and found reasonably free from injurious pests and 
diseases has unavoidably profound limitations, which should be realized 
by the importing country m accepting such a statement we trust that 
Governments will not demand a general health certificate for all seed 
borne diseases, but will specify the particular diseases which they con 
sider injurious and against which they would desire to be protected’ 
(EPPO, 1954) 

Fourteen countries consider only a few kinds or groups of seed 
declare embargo m. general or for certain regions or require a certificate 
based on field inspection or laboratory analysis Three countries request 
freedom from only one disease, e g , tomato bacterial canker 

Laboratory methods are standardized, and further methods are 
worked out by seed testing experts m cooperation with plant pathol 
ogists Since the seed trade has its rush season, samples for analysis can 
be taken as soon as seed lots arrive at the stores, a method which gives 
valuable information on the individual growers product 

Field inspection ( see Section II, B,l) may be necessary far diseases 
not detectable in the laboratory, the country which leads the way here 
will be in a strong position 

Dismfection of imported seed is prescribed by a few countries As 
modem seed disinfectants develop, disinfection may become more reli- 
able than inspection m the laboratory, especially where a very low 
percentage of seeds is infected Disinfection of foundation seed may 
become advisable, since there is a possibility of new races Of smut being 
introduced New Zealand thus requests disinfection of maize seed, 
against Ustihgo zeae and Fhijsodcrma zea-tnmjdis Tlie possibility of 
importing nematodes and other animal pests should not bo oierlooked 
Consignments of vegetable and flmver seeds frequently consist of 
numerous but very small quantities, perhaps produced in soseral coun 
tries, a strict documentation of origin, wth transit certificates, health 
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certificates, etc., would form a slack of paper needing yards of red tape 
to keep it together. FAO (1955) therefore recommends that in general 
certificates should not be requested for small packets unless there is 
some specific reason for doing so. 

According to the Southeast Asia and Pacific Agreement all seeds of 
annual or biennial field crops or vegetables and all seeds or cut flowers 
of annual, biennial, or perennial ornamental plants which are essentially 
herbaceous in character are in principle excepted from the rules. 

World trade in grain for food and feed, oil seeds for milling, and 
barley malted or for malting runs into many thousands of tons annually. 
Phytosanitary restrictions have been slow to develop; mention may be 
made of Canada’s oulport inspection and of the requirements of the 
Federal Republic of Germany (see Section III, A, 4). If grain, infested 
even slightly with pests, is loaded into a clean (fumigated) ship, the 
insects will develop abundantly during transport, the value of the cargo 
will depreciate, and remnants of it remaining in cavities and crevices 
after unloading will render the expensive fumigation worthless. 

The sanitation of export grain, oil seed and oilcake, etc., must be 
made the responsibility of exporting countries; the care of accidental 
infestations and of re-export supervision is the responsibility of inport 
inspection. 

7. Postentnj Quarantine 

Quarantine in its strictest sense, i.e., to keep the arriving man, beast, 
or goods isolated until all fear of disease transmission was thought to 
be excluded, has occasionally been practiced against early intruders 
before plant quarantine was put on a systematic basis. The first organ- 
ized step seems to have been U. S. Department of Agriculture’s quaran- 
tine nursery, established chiefly to safeguard the import of plants from 
little known regions and mainly implemented by the Department itself. 

7t IS, indeed, risky Co import interesting but little known plants from 
undeveloped areas without the services of such nurseries, where plants 
can be kept under observation for months or even years. In Europe such 
nurseries are under development on isolated islands or other localities 
where the chance of spread is minimal. In some cases the importers 
themselves — geneticists, breeders, seed potato committees, botanical 
gardens-~are able to provide suitable localities where the plants must be 
kept until the service decides that they can be released or that they must 
be destroyed. Botanical gardens outside the danger zones have acted 
as quarantine nurseries for breeding material or for new varieties to be 
transferred from one continent to another. 

Post-entry quarantine undoubtedly will be highly developed during 
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the coming years It is worthy of note that as an mteresting addition to 
its services the U S Department of Agriculture has arranged to have 
imported primulas tested for tobacco necrosis virus by means of test 
plants, m this way establishing a bnef detention 

III Legal Aspects 

A certain tension is frequently felt between the jurist, who wishes 
acts and ordinances drafted in such a way that they will always "stand 
up in court,” and the quarantine officers, who know how difficult it is 

for businessmen — and to an even greater extent for private persons 

to understand the scope of such rules It has even been proposed to issue 
one edition for use in court, which might be drafted ‘in the most dif 
ficult Chinese, ’ and another for the public, one solution is to accompany 
the order with an explanation of the changes mtended, another, to print 
such an explanation as an appendix to the order Our legislators should 
keep in mind the preamble of a Danish law more than 700 years old 
The land shall be built on law The law shall be worthy of respect, 
righteous, bearable, serviceable and useful, following the custom of the 
country, and plain so that every man can know and understand what is 
written in the law 


A Acts and ReguUitwns 

No doubt McCubbm (1954) is right when in his harsh but extremely 
readable section on human nature, he concludes that in order to curb 
violations many regulatory measures have to be dra^vn up and enforced 
with far greater severity than should be necessary (even so he seems 
to have forgotten the scientific nonconformists) 

1 The Act and the Ordinances 

Ideally, an act on plant protection should be as general and brief 
as use and custom of the country permit It should be drafted so as to 
be valid for decades and should give the minister of agriculture suf 
ficient authority concerning the following items 

(a) Purpose 'What diseases and pests are deemed dangerous to 
cultivation, the storing and selling of plants and plant parts, and uhat 
measures shall be taken? Tins includes prevention by prohibiting or 
regulating import, transit, and export (of plants, etc , cultures of patho- 
gens and living invertebrates) in relation to certain or all countries, to 
fixed seasons, to certain methods of transport, to packing materials, and 
to soil, manure, straw, etc, imported with plants or indcpcndcntlv 

(b) Definitions Define aul1ioril> of inspectors allowing the minister 
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certificates, etc., would form a stack of paper needing yards of red tape 
to keep it together. FAO (1955) llierefore recommends that >“ 8^" 
certificates should not be requested for small packets unless there 

some specific reason for doing so. |. 

According to the Southeast Asia and Pacific Agreement all seeds ot 
annual ot biennial field crops or vegetables and all seeds or cut flowers 
of annual, biennial, or perennial ornamental plants which are essentia y 
herbaceous in character are in principle excepted froni the rules. 

World trade in grain for food and feed, oil seeds for milling, an 
barley malted or for malting runs into many thousands of tons annually. 
Phytosanitary restrictions have been slow to develop; mention may e 
made of Canada’s outport inspection and of the requirements of the 
Federal Republic ot Germany (see Section III, A, 4). If grain, mfeste 
even slightly with pests, is loaded into a clean (fumigated) ^ip, the 
insects will develop abundantly during transport, the value of the cargo 
will depreciate, and remnants ot it remaining in cavities and crevices 
after unloading will render the expensive fumigation worthless. 

The sanitation of export grain, oil seed and oilcake, etc., must be 
made the responsibility of exporting countries; the care of accidental 
infestations and of re-export supervision is the responsibility of inport 
inspection. 


7. Tostentry Qtuirantine 

Quarantine in its strictest sense, i e., to keep the arriving man, beast, 
or goods isolated until all fear of disease transmission was thought to 
be excluded, has occasionally been practiced against early intruders 
before plant quarantine was put on a systematic basis. The first organ- 
ized step seems to have been U. S. Department of Agriculture’s quaran- 
tine nursery, established chiefly to safeguard the import of plants from 
little known regions and mainly implemented by the Department itself- 
It is, indeed, risky to import interesting but little known plants from 
undeveloped areas without the services of such nurseries, where plants 
can be kept under observation for months or even years. In Europe such 
nurseries are under development on isolated islands or other localities 
where the chance of spread is minimal. In some cases the importers 
themselves — geneticists, breeders, seed potato committees, botanical 
gardens — are able to provide suitable localities where the plants must be 
kept until the service decides that they can be released or that they must 
be destroyed. Botanical gardens outside the danger zones have acted 
as quarantine nurseries for breeding material or for new varieties to be 
transferred from one continent to another. 

Post-entry quarantine undoubtedly will be highly developed during 
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the coming years. It is worthy of note that as an interesting addition to 
its services the U. S. Department of Agriculture has arranged to have 
imported primulas tested for tobacco necrosis virus by means of test 
plants, in this way establishing a brief detention. 

III. Legal Aspects 

A certain tension is frequently felt between the jurist, who wishes 
acts and ordinances drafted in such a way that they will always “stand 
up in court,” and the quarantine oflScers, who know how difficult it is 
for businessmen — and to an even greater extent for private persons — 
to understand the scope of such rules. It has even been proposed to issue 
one edition for use in court, which might be drafted “in the most dif- 
ficult Chinese,” and another for the public, one solution is to accompany 
the order with an explanation of the changes intended, another, to print 
such an explanation as an appendix to the order. Our legislators should 
keep in mind the preamble of a Danish law more than 700 years old: 
The land shall be built on law. . . . The law shall be worthy of respect, 
righteous, bearable, serviceable and useful, following the custom of the 
country, and plain so that every man can know and understand what is 
written in the law. 


A. Acts and Regulations 

No doubt McCubbin (1954) is right when, in his harsh but extremely 
readable section on human nature, he concludes that in order to curb 
violations many regulatory measures have to be drawn up and enforced 
with far greater severity than should be necessary (even so he seems 
to have forgotten the scientific nonconformists). 

1. The Act and the Ordinances 

Ideally, an act on plant protection should be as general and brief 
as use and custom of the country permit. It should be drafted so as to 
be valid for decades and should give the minister of agriculture suf- 
ficient authority concerning the following items: 

(a) Purpose. What dise.'ises and pests are deemed dangerous to 
cultivation, the storing and selling of plants and plant parts, and what 
measures shall be taken? Tliis includes prevention by prohibiting or 
regulating import, transit, and export (of plants, etc., cultures of patho- 
gens, and living invertebrates) in relation to certain or all countries, to 
fixed seasons, to certain methods of transport, to packing materials, and 
to soil, manure, straw, etc., imported with plants or independently. 

(b) Dejinilions. Define authority of inspectors allowing the minister 
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to decide in cases o£ doubt and to mitigate requirements The definitions 
listed in current Canadian and English regulations save many repetitions 

(c) Inspection Rules are needed for inspection of consignments at 
import and also later (e g , in 1 or 2 years’ time), for inspection desirable 
to meet local needs or foreign requests, for issuing of certificates and 
permits, for inspection of stores reserving the inviolability of the dwell- 
mg to a court decision 

(d) Responsibility State the services’ freedom from economic re 
sponsibihty, the importer’s duty to see that imported plants, etc , are 
inspected, the duty of importers, dealers, occupiers, customs and quaran 
tme officers and police to give information concerning plants, etc 
falling under the act — such information to be used only according to 
law and custom, the manner of the serving of notices to occupiers and 
others — personally, by mail, or by advertising 

(e) Funds Ensure authority for the disposition of money for ad- 
ministration inspection, and public control measures, to pay mdemmties 
to persons suffering bona fide unreasonable losses due to control meas 
ures to secure payment for special expenses of inspection 

(f) Prosecution State procedure for violations, limits of fines 
or other sanctions, recovery of cost of public control from negligent 
occupiers 

Many countries have provisions obliging the minister to call a public 
hearing or to ask for the advice of the organizations concerned before a 
new ordmance is issued Changing conditions will, however, necessitate 
amendments to the most carefully prepared order, for this reason it is 
practical to have separate orders concerning export (voluntary or com- 
pulsory inspection m field and at dispatch), import, eradication of 
sources of infection (see Volume III, Chapter 10), and control of “new” 
attacks 

Grading of products may be supervised by the Phytosanitary Service 
but should be decided on by separate acts 

If it IS found tint a danger has bwn exaggerated, it is time to con- 
sider a revocation of safety first orders Obsolete prescriptions have a 
sluUifMng effect Tlic dead should not govern the hvingl 

Ordinances must as a rule contain lists, preferably m the form of 
appendices Lists of plants a\hich it is forbidden to grow and import 
cause but fcs\ discussions A standard list of host plants most likely to 
carr> San Josc scale is published by EPPO and accepted by several 
countries, and lists of pathogens and pests considered dangerous — and 
therefore embargoed — arc necessary for the guidance of exporting 
countries It Is common to use the resets ation “in particular those listed 
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. . . , but the addition “and other pathogens known as dangerous” 
seems too comprehensive. Short lists make a deeper impression on trade 
than long ones, winch apparently aim at forbidding e\'erything not found 
in ones own country. 

Lists of forbidden packing materials are now a matter of course; a 
list of suggested material is good service. Lists of goods more or less free 
from certificates, etc., are a valuable service, but they vary immensely; 
there is hardly an item listed free in one country which is not restricted 
in some other. Lists of countries or continents which are excluded in 
some respects may be necessary, but it will promote control work if 
regard is taken to a country which quickly eradicates a newly mtroduced 
pest or safeguards itself and others by efficient local quarantines and 
danger zones. 

Definitions. Tlie International Plant Convention (FAO, 1951) lays 
down in Article II that “. . . the term ‘plants’ shall comprise hvmg plants 
and parts thereof, including seeds in so far as their supervision . . . 
may be deemed necessary by contracting Governments, and the term 
‘plant product’ shall comprise unmanufactured and milled material 
of plant origin, including seeds in so far as they are not included 
in the term ‘plants’” A rationale (FAO, 1955) recommends that manu- 
factured material of plant origin be considered as coming within 
the purview of the convention as long as the process of manufacture 
has not eliminated or substantially reduced the likelihood of its trans- 
mitting insect pests or plant diseases It is to be expected that 
definitions in regional agreements or national ordinances may be more 
explicit, as in the Southeast Asia Agreement (FAO, 1956): “‘plant’ or 
‘plants’ means all the species of plants or parts thereof, whether living 
or dead (including stems, branches, tubers, bulbs, corms, stocks, bud- 
woocf, curtmgs, /ayers, sAps, sxrdlers, frtccts-, seeds, 

and any other parts of plants ” 

2 Survey and Control 

Most countries run more or less intensive surveys, but too few publish 
the results regularly; special surveys are a necessity when an eradication 
campaign is planned and when the results will be checked. They are 
valuable when tlie extent of forecasting (see Chapter 8) or of public 
control measures is stipulated, they are a natural intelligence department 
for immunity breeders (see Chapter 14). Special and frequent surveys 
around ports and airports are recommended by EPPO (1951), whicli 
emphasizes the fundamental importance of early reports on new and 
dangerous pests or diseases. “It is a necessar>' corollary that the rcportina 



country should have adequate safeguards that its honesty will not be 
rewarded by the imposition by neighbouring or distant countries of 
regulations having the effect of permanently restricting its trade.” 

3. Inspection 

The different aspects of inspection are treated above ( Section II, B, 
1-7) as well as the necessity for adequate legal authority (Section HI, 
A, 1). At least three countries — ^Egypt, Sweden and the United States — 
have on invitation sent inspectors to work in other countries, together 
with the local Service, a practice preventing the dispatch of undesirable 
products and securing closer cooperation of Services. The training of 
inspectors is discussed below (Section III, B, 1). 

4. A Modem Ordinance 

An ordinance published by the Ministry of Agriculture of the Federal 
Republic of Germany on August 23, 1953, gives full consideration both 
to the International Plant Protection Convention and to the recom- 
mendations of EPFO; from a legal viewpoint it is very clear and well 
arranged. A complete English translation has been distributed by EPPOj 
the following abstract is published by FAO (1957b)* 

Diseases and Pests Prohibited 

I. Importation of any plants infested or infected with any of the 
following plant pests or palhogenes is prohibited, even if only part of 
the consignment is found infested. 

1. Virus diseases of strawberry 

2. Virus diseases of fruit trees of the genera Cydonia, Malus, Prtinus, 
Pyriis, Ribes and Ruhus 

3. Virus diseases ol roses 

4- Endoconidiophora fagaccartim 

5. Endodito parasitica 

6. Synchylrium endohiotiettm 

7. Ccratitis capitata (living stages) 

8. Ilyphantria ctmea (living stages) 

9. iMtpeyrcsia moJesta (living stages) 

10. Phthorimaca opcradcUa (living stages) 

11. PopilUa japonica (living stages) 

12. R/iagolcfls ponxoncUa (living stages) 

13. Toririx pronuhana (living stages) 

M. Vitcus vitifoUi (living stages) 

15. Jlctcrodcra rostochlcmls (living or dead) 
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16. Quadraspidiotus pemiciosus (living or dead; slight infestation 
of fruit may be permitted from 1 December to 31 March if the fruit is to 
be immediately processed) 

11. Importation of the following plants is prohibited if found in- 
fected or infested with the specific pests or diseases indicated (the 
nematode and insects refer to living stages). In case of slight infestation, 
the entry of consignments may be permitted. 

1. Vines — virus diseases of Vitis 

2. Rooted cotoneaster, roses and fruit trees (Cydonia, Malus, Primus, 
Ptjrus, Ribes, Rubus) — Agrobacterium tumefaciens 

3. Potato tubers — Corynebactcrium sepedonicum 

4. Gladiolus and freesia corms — Pseudomonas marginata, Fusarium 
oxysporitm f. gladioli; Sclerotinia gladioli 

5. Gladiolus corms — Septorta gladioli; Toeniothrips simplex 

6. Begonias (excluding fruit and seed) — Xanihomonas begoniae 

7. Hyacinth bulbs — Xanihomonas htjacinthi: Sclerotinia hulborum 

8. Flower bulbs and tubers — Botrytis spp.; Sclerotium tuliparum; 
Ditylenchus dipsaci, Eumerus strigatus, E. tuberculafus; E. narcissi; 
Lampetia equestris 

9. Iris rhizomes — Botrytis spp. 

10. Rooted azalea — Exobasidium japonicum, Ovulinta azaleae; Sep- 
toria azaleae, Acalla schallertana, Gracilaria azaleella 

11. Narcissus bulbs — Fusarium bulbigenum 

12. Chrysanthemum — Dlarthronomyia chrysanthemi 

13. Cherries — Rhagoletis cerasi 

Plants Prohibited 

Importation of following plants and parts of plants is prohibited 

1. Living red oaks (Quercus borealis maxima; Q coccinea; Q. falcate; 

Q ilicifolia; Q palustns, Q. velutina) gro\vn outside Europe (except 
fruit and seed). 

2. Rooted vines (Vitis), their living perennial aerial parts, leaves, 
and dry wood. 

3. Living chestnut trees (Costanca) (except fruit and seed). 

4. Living woody dicotyledonous plants and chrysanthemums pro- 
hibited from 16 April to 30 September, except fniit and seed, cut floivcrs 
and binding material, cactus and plants grown in and imported from 
Belgium, Denmark, Finland, Great Britain and North Ireland, Ireland, 
Iceland, Luxembourg, the Netherlands, NoiAvay, Poland and Sweden. 

5 Living plants with soil from Japan, Canada, and l/.SA. 

6 Used vine poles. 

7 Soil containing plant material or humus, except peat. 



Imports Requiring Disinfection 

1 Living rooted woody dicotyledonous plants (except cactus and 
plants grown in and imported from the European countries mentione 
above) imported from 1 October to 15 April must be disinfected at 
the place of entry under supervision of the Plant Protection Service 

2 Livmg woody dicotyledonous plants without roots (except fruit 
and seed, cut flowers and binding plants imported from 1 October to 15 
April, cactus, and plants from the European countries mentioned above) 
must be disinfected at the place of entry during the period when im 
portation is permitted 

Imports Suhicct to Special Requirements 

1 Rooted plants except vegetables and medicinal plants may be 
imported only if originated m an area where vines were not grown dur- 
ing the preceding five years and where freedom from potato root eel 
worm (Hctcrodera rostochicnsts) was ascertained by official soil tests 
Tliey must also originate in a field where potato wart {Sijnchtjtruim 
cndohioUcum) docs not occur 

2 Fresh potato tubers are subject to the same requirements as rooted 
plants In addition, they must not contain soil in excess of 2 percent of 
the net weight, and they must be packed in new containers whenever 
containers are used 

3 Fruit trees (Ctjdonia, Malus, Prunus, Pijrus, Ribcs, Rtihtts), straw- 
berry plants and roses (except cut flowers and fruit and seed) may be 
imported only if growai under official supervision during the growing 
season and found free from virus diseases 

I Fresh grapes must be free from other parts of vine 

5 Living vine plants must be air dry and free from soil 

Requirements for Cereals and Dry Pulses 

1 Cereals (Atcnn, Ilordcum Pameum, Sccalc, Setaria, Sorghum, 
Tnticum, Zco) for milling or processing for human consumption shall 
he disinfested, processed or reexported within a time limit under the 
supervision of tlie Plant Protection Service, if found infested with 
Calandro grannria, C ortjzac, C zca Minis, iMcmophloeus spp , Oryzac^ 
phihis n/rinnrnenvis, Rhlzopcrtha dommica, Sitotroga ccrcnJcUa, Tcnc 
hrpldcs maimlatuais, Trngodemm grananum 

Ctrtals not mentionwl nliove and oil cakes if infested with the pests 
emimeratid, will l>e disinfested licfore storim;, or reexported or pro- 
cess(*il immetlnli K after leaving the first granarv or storage (see nbo 
najuiri nu lit umhr Certifu niton) 
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2 Dry pulses (Ctcer, Lathyrus, hens, hupmus, Phaseolus, Ptsum, 
Soja, Viera), except seed for sowing, if infested by an} species of 
Bruchidae, will be disinfested before storing, or re exported or processed 
after leaving the first granary or storage (see also requirement under 
Certification) 

The above provisions with regard to cereals and dry pulses will come 
mto effect on 1 July 1958 

Certification and Inspection 

The following plant materials may be imported from the countries 
indicated only if accompanied by a phytosanitary certificate issued by 
the country of origin within 20 days before shipment in the form annexed 
to the International Plant Protection Convention, in German, or with a 
certified German translation and m the language of the country of origin 
Whenever disinfection or disinfestation has been earned out, particulars 
of the treatment should be indicated 

In case of cereals, dry pulses and oil cakes, the certificate should be 
issued by the country from which the materials are directly imported, 
instead of the country of origin This provision will come mto force on 
1 July 1958 

Where a consignment has been split up outside the country of origin, 
each splitted consignment should be accompanied by a certified cer 
tificate and also a certificate m the prescribed form issued by the country 
in which the sphttmg took place 

All the following plant materials, including packings and conveyance, 
will be inspected upon arrival 

1 Timber and saw wood of oaks from Canada and USA 

2 Living angiospermous plants from Japan, Canada and USA 

3 Living angiospermous plants imported between 1 November and 
15 April (except subterranean parts, seed, monocotyledonous plants and 
tomato fruit), potato tubers, flower bulbs and tubers, and ins rhizomes 
from Greece, Yugoslavia, Austria, Romania, Czechoslovakia, Hungary 
and USSR 

4 Living plants (except fruit and seed) enumerated below from 
countries not mentioned under 2 and 3 

a) living woody dicotyledonous plants 

b) chrysanthemums 

c) strawberries 

d) carnations 

c) begonias 

/) potato tubers 

g) flow er bulbs and tubers m dormant stage 
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h) iris rhizomes , 

5. Fresh fruits enumerated below from countries not mentioned 
under 2 and 3: 

a) deciduous fruits and berries {Cydonta, Malus, Prunus, Pyrus, 
HibeSy Rtibus) 
h) citrus fruit 

c) hard-shelled fruit with green skin or green cupule {particularly 
almonds, hazelnuts, walnuts, chestnuts, pistachio nuts) 

d) ripened fruit of rose 

e) grapes 

6. Cereals and dry pulses (referring to the genera specified under 
Requirements for cereals and dry pulses) 

7. Oil cakes of plant origin 

Personal properties removing from certain European countries, indi- 
vidual plants and parts of plants in bouquets and wreaths not for com- 
mercial use, food provisions, and consignments less than 5 kilograms 
for consumption are exempt from certification requirement. 

Points of Entry 

Plants and plant products which require to be accompanied by phyto- 
sanitary certificates may be imported only through the customhouses 
listed in the Ordinance; some of the customhouses arc reserved for mail» 
air consignments, or for specific commodities. 

Consignments in Transit 

Transit shipments via free ports or via mail are not subject to restric- 
tions, certification and inspection. 

Exemptions 

Exemptions from prohibition or restrictions may be granted if im- 
ports arc for scientific purposes, and in some other cases. 

5. Economic LiahiUty of Services 

Most governments have found it wise to disclaim economic responsi- 
bility for any loss or damage in connection with inspection, certification, 
and other duties of their Phylosanitar>' Scr^•ices. An act of negligence 
may l>c so gross tliat the Serxice finds it right to propose ll)at the Ministrx’ 
should p.iy an equitable compensation. Tlie moral responsibilily of the 
Serxicc and Its Inspectors should not be lessened. 

If nurserx- plants are sold xvhich ought not to have l>een approved. 
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the liability, if any. remains with the seller, the decision will depend 
on use and custom, which presume that the seller has acted as a reason 
able and conscientious man A Service will, of course, see to it that the 
consignment is not larger than indicated on the certificate A moral 
responsibility for botanical names can hardly be disclaimed by any 
Service insofar as embargoed plant species are concerned 

B Inspectors and Thetr Instructions 
The power of an inspector is formulated in the regulations of Canada 
(1954/5), Sections lOS-115 The inspector may carry out his work as 
directed by the ordinance(s), but m many cases the Service will have 
issued detailed regulations which state exactly what is meant and which 
he IS bound — and able — to follow consistently and with the conviction 
that his service will back him up IF he finds points of the instruction too 
rigid or too lax, he should direct the attention of the service to it, if on 
his own mitiative he mitigates the rules, he will repent it, for the public 
will become confused, and the trade will take advantage 

There are splendid inspectors who have started from scratch m a 
Service, but usually the best inspectors will be college graduates who, 
in addition, have had special training in course work and as assistants 
to senior officers The United States has special textbooks for study 
within the Service, England (England Ministry of Agriculture, 1953) 
an illustrated book, and Germany (1958), an illustrated guide which 
includes hints for laboratory equipment, instructions for fumigation, and 
the text of the ordinance 

The question of mspeclion of tourists’ luggage is treated above (see 
Section II, B, 4 ) False alarms may be frequent, especially if some new 
pest IS the object of much publicity, such alarms should be received 
aJJ the coasidcratjcn due 3 pvhijc eager to cooperate It js prsnse 
worthy for the ground personnel of an airport to phone about a Colorado 
beetle, black with yellow stnpes — even if the stripes do run cross^vise 
A good many mspectors will have the task of supervising fumigation 
and heat treatments, for whidi they should have as exact prescriptions 
as possible They may be based on foreign requirements or agreements 
with Services of importing countnes Much may be said for outport 
fumigation, in the large scale trade it can be done with great effiaenc) 

The fumigation may be entrusted to contractors or undertaken b> the 
Service itself Fumigation equipment in which small parcels, items from 
passengers luggage, etc , can quickly be treated by the inspectors may 
contribute a good deal to good public relations rvmtg-ilion prescriptions 
ought to Iia\e their place in instructions which can be casil> revised 
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5. Fresh fruits enumerated below from countries not mentioned 

under 2 and 3: 

a) deciduous fruits and berries {Cijdonia, Malus, Primus, Ptjrus, 
Ribes, Rubus) 

b) citrus fruit 

c) hard-shelled fruit with green skin or green cupule (particularly 
almonds, hazelnuts, walnuts, chestnuts, pistachio nuts) 

d) ripened fruit of rose 
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6. Cereals and dry pulses (referring to the genera specified under 
Requirements for cereals and dry pulses) 

7. Oil cakes of plant origin 

Personal properties removing from certain European countries, indi- 
vidual plants and parts of plants in bouquets and wreaths not for com- 
mercial use, food provisions, and consignments less than 5 kilograms 
for consumption are exempt from certification requirement. 

Points of Entry 

Plants and plant products which require to be accompanied by phyto* 
sanitary certificates may be imported only through the customhouses 
listed in the Ordinance; some of the customhouses are reserved for mail, 
air consignments, or for specific commodities. 

Consignments in Transit 

Transit shipments via free ports or via mail are not subject to restric- 
tions, certification and inspection. 

Exemptions 

Exemptions from prohibition or restrictions may be granted if im- 
ports arc for scientific purposes, and in some other cases. 

5. Economic Liabilily of Services 

Most governments have found it wise to disclaim economic responsi- 
bility for any loss or damage In connection with inspection, certification, 
and other duties of their Phylosanilaiy' Services. An act of negligence 
may he so gross that the Scrs-icc finds it right to propose that the Minlstr)’ 
should pay an cquUahle compensation. Tlic moral responsibility of the 
Scrsicc and its inspectors should not be lessened. 

If nursery plants arc sold which ought not to have been approved, 
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the liability, if any, remains with the seller, the decision will depend 
on use and custom, which presume that the seller has acted as a reason 
able and conscientious man A Service will, of course, see to it that the 
consignment is not larger than mdicated on the certificate A moral 
responsibility for botanical names can hardly be disclaimed by any 
Service insofar as embargoed plant species are concerned 

B Inspectors and Their Instructions 

The power of an inspector is formulated in the regulations of Canada 
(1954/5), Sections 108-115 The inspector may carry out his work as 
directed by the ordinance(s), but in many cases the Service will have 
issued detailed regulations which state exactly what is meant and which 
he IS bound — and able — to follow consistently and with the conviction 
that his service will back him up If he finds pomts of the instruction too 
rigid or too lax, he should direct the attention of the service to it if on 
his own initiative he mitigates the rules, he will repent it, for the public 
will become confused, and the trade will take advantage 

There are splendid inspectors who have started from scratch m a 
Service, but usually the best inspectors will be college graduates who 
in addition have had special training in course work and as assistants 
to senior oflScers The United Slates has special textbooks for study 
within the Service, England (England Ministry of Agriculture, 1953) 
an illustrated book, and Germany (1958), an illustrated guide which 
includes hints for laboratory equipment, instructions for fumigation, and 
the text of the ordinance 

The question of inspection of tourists' luggage is treated above (see 
Section II, B, 4) False alarms may be frequent especially if some new 
pest IS the object of much publicity, such alarms should be received 
with all the consideration due a public eiger to cooperate It is praise 
worthy for the ground personnel of an airport to phone about a Colorado 
beetle, black with yellow stripes— even if the stripes do run crosswise 

A good many inspectors will have the task of supervising fumigation 
and heat treatments for which they should have as exact prescriptions 
as possible They may be based on foreign requirements or agreements 
with Services of importing countries Much may be said for outport 
fumigation, m the large scale trade it can be done with great clficioncy 
The fumigation may be entrusted to contractors or undertaken b> the 
Service itself Fumigation equipment in which small parcels, items from 
passengers luggage, etc , can quicUy be treated by the inspectors ma> 
contribute a good deal to good public relations Ttimigihon prescriptions 
ought to have their place in instructions which can bo casil> revised 
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C. International Coordination 
1. Quarantine Procedures under the Convention 

The 1951 Convention refers particularly to pests and diseases of 
importance to international trade (Article 11,3). It aims at improve 
control, requires the contracting governments to set up a satisfactory 
plant protection organization, and lays special emphasis on the unde- 
sirability of quarantine measures not based on phytosanitary' consid- 
erations A model certificate is annexed to the Convention which, on the 
whole, has uniformity as its aim. In connection with the anticipated 
regional organizations, instruments for the settling of disputes and for 
a world reporting service arc provided; the service already has com- 
pleted the sixth volume of the FAO "Plant Protection Bulletin,” which 
is as much valued for news of changes in quarantine measures as for 
general information on the occurrence of diseases and pests. 

Although the use of the model certificates has not yet become global, 
so many countries have accepted it that the improvement is evident. 
EPPO advocates that only one certificate be issued per consignment; if 
copies are needed for oflricial use or banking operations, they should be 
marked “Duplicate.” Generally, the consignment is to be exported shortly 
after inspection and issue of certificate, but some exceptions must be 
made for inspection of seeds and flower bulbs. The space left for addi- 
tional declarations should be used only in cases of exceptional danger, 
not for a general repetition of well-known requirements. The botanical 
names and quantity of consignment are conveniently stated by means 
of an invoice duplicate, signed by the Service and affixed to the cer- 
tificate. If the certificate or invoice is lacking or incorrect, the consign* 
ment should be rejected or, in exceptional cases, be inspected in detail 
and possibly disinfected, all at the expense of the owner. If a certificate 
is not rquired (as, e.g , in the case of agricultural products for industry, 
or fruits and flowers), the Service will usually have the right to 
inspect the goods, but not to be directly informed about arrival. Several 
countries are liberal concerning gift packages. This is understandable 
from the point of view of avoiding petty business, but dangerous if 
generosity becomes professional. 

"Permit” is a term used in at least two senses: (1) permission given 
in advance to submit certain goods for inspection by the importing 
country’s Service and (2) a note from the service to customs that the 
goods may be imported. For the benefit of highway traffic, arrangements 
are known by which travelers may apply for a permit for certain goods 
and have it issued by the inspector on the spot. Certain modifleations 
are also granted to the "small frontier traffic.” 

The FAO will publish in its "Plant Protection Bulletin” new or 
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amended regulations from all over the world as they are received EPPO 
distributes the original regulations and translations thereof among its 
member countries. The tempo in which governments inform the two 
organizations might be accelerated. In an emergency an immediate and 
direct notification to all Services concerned would be appropriate. 
Whether a new ordinance should be published well in advance of com- 
ing into force is a matter for discussion. For long-distance transports it 
is only fair, but the waiting period may be exploited 

2. Regional Groups 

In 1951 the cooperation of countries in northwestern Europe in con- 
trolling tlie Colorado beetle was consolidated, and the scope greatly 
extended by the establishment of the European and Mediterranean 
Plant Protection Organization (EPPO). Corresponding groups have 
come into existence — in 1954 through the Phytosanitary Convention for 
Africa South of Sahara (H.M. Stationery Office, Treaty Series No. 31, 
1956) and the Plant Protection Agreement for the Southeast Asia and 
Pacific Region (FAO, 1956). Furthermore an Inter-African Phytosani- 
tary Commission, an organization concerning the countries from Mexico 
to Panama, and organizations from eastern Europe to China have been 
established. 

Tliese organizations are not working only on legal matters Direct 
assistance in the form of contact meetings, of visiting specialists, of 
sprayers and chemicals, and of financial support has been rendered to 
member countries when dangerous situations have arisen 

Countries in a group may have no natural barriers between them. 

For one small country an embargo against some agile pest would most 
likely result in disappointment, while an embargo common to several 
neighbors might be efficient and might simplify matters betvveen such 
a group of countries. “Rationalize” is, perhaps, a happier term than 
“simplify.” The postulated "simplicity” of an embargo is our last resort 
— or the first and temporary resort in cases of little known penis. 

If growth conditions are similar and also import restrictions, the 
mutual relations are simpler, (Norway and Denmark run about even 
in the matter of soil-home pests and have, therefore, agreed to dispense 
with the strict freedom-from-soil rules.) Other local agreements on dis- 
infection of plants with earth balls are a result of neighborliness. On 
the whole, an exchange of views is a good basis for exchange of pl.-mts. 

3, Origin of Plant Consignments 

In the “Description of the Consignment" of the Rome Certificate the 
heading “origin” gives only a slight impression of the complications 
arising when both trade and quarantine administration are to he satisfied. 
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First, the identity of the goods presented for oulport inspection with 
those inspected infield must he considered. It is easy enough \yhen a 
Service can insert “as declared by sender, but this will not satisfy a 
importing countries, the decisive factor is the degree of responsibility 
assumed by the Service. 

It has been customary to require that plants must not be imported 
unless grown at a prescribed distance from localities infested with, e.g., 
Colorado beetle (varying from 5 to 200 km.) or potato wart (0.5 to 
20 km ), this is a handicap to the well-surveyed country compared to 
one which only files the casual notifications received. As methods of 
supporting field surveys with laboratory analyses develop, it will be 
found safer to lean on a direct investigation of the premises of produc- 
tion rather than on uncertain information of the surroundings. 

The extreme diversity of plants and plant products bought and sold 
has, in fact, created what might be called a grading of indication of 
origin. 

(1) The individual containers of seed potatoes (and of some fruits) 
are marked with a number indicating the premises, a custom favoring 
an improvement in quality. 

(2) Flower bulbs, some seeds, and fruits are collected from several 
growers and graded according to quality forming uniform lots for sale; 
provided all areas concerned are inspected in due season (rejected 
products being properly disposed of) and again before shipping, it 
seems sufficient to indicate the grading center as origin, 

(3) Table potatoes, most seeds, and fruits are not inspected in the 
field, as all containers are marked with the name of firm responsible for 
grading, the province (state, country) might be a sufficient description 
of origin, 

(4) For nursery plants and propagation material, with its frequent 
virus infections, field inspection and testing is, in some countries, highly 
developed, when, moreover, all nurseries are thoroughly inspected, all 
rejected plants destroyed, and the areas found free from golden nema- 
tode, etc., nurserymen ought to be allowed to pool and grade their 
products. The original nursery can always be traced by means of a key 
number on the trees. 


(5) The origin of seed lots is discussed above (Section II, B, 6). 

Direct transit should normally be watched by the customs. If goods 
arrive in bulk and are broken up into several carloads or consignments 
(indirect transit), each one must be provided with a photocopy of the 
original certificate, signed by the Customs of the transit country, attest- 
ing that the quantity of goods and certificates correspond. In special 
cases the Phytosanilary Service may take over this function; in warm 
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climates an eye must, perhaps, also be kept on the possibility of fruit 
flies escaping from wagons in transit 

In the case of re export, when goods are stored (possibly divided or 
treated) and exported later, perhaps together with products of another 
origin, the Service may authorize original certificates or photocopies of 
these, a condition is, however, that the Service shall be in a position to 
keep track of the identity of the imported product and, if required, state 
that this has been kept in conditions which mamtained its original free 
dom from diseases and pests (EPPO, 1957) The Netherlands forbid re 
export of plants unless grown in the country for two full seasons, well 
separated from other plants in the nursery 

4 Owners* Interests 

If a consignment is approved at outport inspection but rejected at 
the following inport inspection, the cause may be negligence, misunder- 
standing of the foreign requirements fraudulent intercalation of low 
grade material, or development en route (frost damage powdery scab) 
Investigation may clear up the cause for rejection but the important 
question then arises Which of the two owners, the seller or the buyer, 

IS to assume the responsibility of defraying the costs and bearing the 
loss Does the consignment change owners on certification on loading 
or perhaps even on approval m the importing country? 

It may be permitted to disinfect or regrade defective goods or to 
have them directed to industrial processing, but in many cases they must 
be destroyed on the owner’s account or re exported A more tolerant 
land may be found, but if the certificate is retained or provided with 
a remark on rejection new losses loom up If dangerous parasites arc m 
question, the passing on of information betiveen SerMces should be n 
natural consequence of existing cooperation (EPPO, 1957) 

On inspection bulbs may be halved or potatoes cut into pieces, losses 
which must be reckoned with in trade costs compensation may be given 
for losses of larger samples, c g , for control fields 

Good packing is important for the condition in whicli the hu>cr 
receives plants and also for the inport inspectors Waxing of plants 
impedes inspection and should 1>c restricted to colorless wax for protec- 
tion of budsticks, etc Tlio sale of plants in attractive plastic packings 
may also hinder inspection or fumigation and in some cases lead to 
condensation favorable to mold and rot. a way out is to export tlic 
plants m bulk, accompanied by the plastic bags, and to pack the indi- 
vidual plants after approval at inport inspection Interference of this 
sort will cause irritation in business circles \Mien exporting plants the 
seller mav not wish to have his customer informed al>out his suppliers 
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the solution is to use key numbers, known to the exporting service, on a 
small label tied to the trees. This may, incidentally, save some invoice 
documentation of eking out and pooling. One country has gone so far 
as to forbid peddling of nursery products in order to simplify matters 
for the regular trade. 

Consulate visas accompanying phytosanitary certificates are required 
by some countries, since all national services know each other quite well, 
such visas are of no use in a phytosanitary respect; they are also a delay 
and an expense to the trade, Tlirough good relations the trade and the 
Phytosanitary Service will find several common interests, both aiming at 
“few papers and true papers.” 

IV Evaluation of the Quarantine System 
If one of two countries, identical in all respects, adopted a strict 
quarantine system, while the other took things easy, it would be inter- 
esting to see — after a decade or two — ^liow many foreign pests and dis- 
eases would have established themselves in both. The United States 
may be considered one of the best guarded countries, and the number 
of pests and diseased plants intercepted is amazing; on the other hand, 
lists of the hundreds of pests and diseases which actually have been 
introduced (McCubbin, 1954, p 39) supply the skeptic with strong 
arguments 

When the aim is to keep out foreign pests, etc., it is natural for large, 
more or less self-supporting countries to ask: “What is the minimum of 
plants and plant products necessary for us to import?” But it is just as 
natural for countries of limited area and relatively long frontiers to ask: 
“How little interference with trade will be sufficient?” In fact, it is not 
only a question of area and isolation; both viewpoints are heard in both 
types of country. 

When specialists meet, therefore, discussion is animated; it might 
seem as if plants were more important than man, when plant quarantine 
and human quarantine are compared. Non curat minima praetor is 
stressed against regulations appearing too trifling; again, San Jos4 scale 
and chestnut blight undeniably started as minima. 

Common sense is frequently appealed to and applied; in fact it is 
soon worn out if not constantly reinforced by means of scientific research; 
biological investigations at home and abroad are necessary. Is the North 
American birch decline a climatic phenomenon or a virus disease against 
which to apply quarantine? Specialists in taxonomy of pests and fungi 
arc indispensable to quarantine authorities, even if they try to hide their 
results from outsiders by means of constant changes of Latin namesl 
Tlic regiilalions in force must always he a result of weighing pros 
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and cons as advanced by the producers the trade, and the quarantine 
authorities Regulations and prohibitions should without undue strain 
be able to blend with the universal conception of justice 
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I iNTitoiiucnov 

If we are to be completely honest witli ourseKes and it the same 
time willing to depart from the rules of orthodox journalism the hound 
anes of this chapter must be defined ni tlie negalne Incvitabl>, one must 
include all ibose means of disease control not clearlj rcseiacd to other 
more spccifieallj delimited cafegonos “CuItunP must then ho jnttr 
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preted in the broadest possible terms, to include measures involving 
agricultural cropping practices, harvesting and storage methods, tillage, 
crop rotation, soil management, resistant varieties, land-use planning and 
all of like nature. One must seek to bring order within a miscellany— and 
we are encouraged to think that this can be accomplished. 

Plant disease, that is, pathogenic plant disease, is three- perhaps 
four-dimensional. One dimension is represented by the pathogen ^virus, 
bacterium, fungus, nematode — and forms the subject matter of Volume 
II of the present treatise. A second dimension, the host plant, is treated 
in Volume I. The complex of diverse factors comprising the environment 
represents the third dimension — and it can be argued effectively that by 
introducing a time factor (disease development or epidemiology) it 
achieves a fourth. 

Disease control, it may now be perceived, interestingly parallels the 
above concept. Traditionally, the popular means of combating patho- 
genic diseases have been: (1) application of agricultural chemicals to 
foliage, seeds, and soil, and (2) adoption of resistant crop varieties. The 
one aims almost entirely at the pathogen; the other concerns itself as 
exclusively with the host. Cultural control, our immediate consideration 
in this chapter, has these same facets, but centers chiefly about the 
environment — the environment as it affects crop and pathogen, the inter- 
action of crop and pathogen, and their interactions through time. 
Chemical control and disease resistance thus tend to become essentially 
one-dimensional, monolithic problems; cultural control often becomes 
three- and four-dimensional. Small wonder that the issues are less clearly 
drawn and that, as a general rule, it enjoys less popular understanding 
and support 

Having these considerations in mind we should be willing to accept 
the fact that cultural measures cannot be dissected with the conceptual 
cleanliness of other approaches. Indeed, too rigorous an attempt to do 
this may lead to unsought and unwanted difficulties. We deal with a 
sort of network, and just as a net is distorted when a single cord is 
arbitrarily dra\vTi into a straight line, yet forms a pleasing symmetry in 
its undisturbed whole, so the consideration of cultural control measures 
cannot be on a strictly one-at-a-time basis. Rather, in the discussion to 
follow, it is primarily the viewpoint, not the basic maneuver itself, which 
changes as the outline unfolds. 

II. General Constoerations 

Cultural control is not without its rationale, its useful generalizations, 
its problems, and its promise. Recognition and understanding of these 
form a foundation upon which a consideration of specific measures can 
most surely rest. 
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A. NonpatJiogcnic Diseases 

Cultural measures directed against pathogenic diseases operate in- 
directly through effects on host or pathogen; against nonpathogenic, 
abiotic, or physiologic diseases they directly alter the environment. And 
the over-all importance of the nonpathogenic diseases must not be under- 
estimated. Deficiencies or excesses of soluble materials, irregularities and 
extremes in such factors as temperature, moisture, and light, and toxic 
gases in soil and atmosphere decrease by a very large factor the health 
and productivity of crops, forests, and ornamental plants. Considering 
disease to be “any impairment of structure or process of sufficient inten- 
sity or duration noticeably or permanently to affect the normal develop- 
ment of the plant (Stevens and Stevens, 1952),” we cannot easily 
establish just what proportion of plant disease is attributable to non- 
pathogenic causes, but it can scarcely be less than half. Stakman and 
Harrar (1957, pp. 49-64) present a useful summary of what they term 
“inanimate” causes, to which the interested reader is referred, although 
they make no attempt to establish the relative importance of these several 
factors or their total effect. 

More often than not, once the cause or causes of nonpathogenic dis- 
eases are established, the sort of measures needed to alleviate them are 
self-evident. The relationship is direct, even in those eases where other 
considerations — technical or economic — preclude their implementation 
In short, the problem is how to modify the environment so as to mini- 
mi 2 e the damage done to the plant species in question Final action is 
almost always predicated on assessments of cost, feasibility, secondary 
effects on other species, and related management problems. 

All too often the causes of diseases thought to be of inanimate nature 
are imperfectly known. Some, such as the brown root rot of tobacco, 
later prove to be pathogenic (in this case one of the root-invading 
“meadow” nematodes). Others, such as “frenching” in tobacco, prove to 
be the immediate result of inanimate, nutritional imbalance, but linked 
in turn to the activities of the soil microflora. Still others, such as a form 
of “soil sickness” common in greenhouses, are controllable through 
measures worked out by strictly empirical means, while the cause con- 
tinues to elude the pathologists concerned (Mader. 1947). It has been 
found that the gradual decline of greenhouse-grown plants may be halted 
if the “sick” soil is thoroughly drenched with dilute sulfuric acid and 
that— provided the plants are protected by asphalt-coated collars— it is 
not even necessary to remove them from the bench during treatment. 

Yet every indication to date has failed to show that cultural practices, 
pathogenic organisms, or nutrient supply are responsible for the situa- 
tion, and sterilization of the affected soil is to no avail. 
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B. Basis of Cultural Control 
1. Environment and Disease 

Environment, the tliird dimension in the complex biological phenom- 
enon we call pathogenic disease, is now recognized as critically im- 
portant. This has not always been so, for its full realization awaited the 
investigations oE the late 18th and early 19th centuries, which clearly 
established the pathogenic nature of many plant maladies. The pendu- 
lum thereafter swung, as is so often the case, overly far in emphasizing 
the causal organism. By the mid-30’s the importance of environment in 
disease development was coming into its own, as attested by Foisters 
early review article and later supplement (1946), Wilsons bibliography 
of nearly four thousand titles (1932), and similar publications. Interest 
continues unabated to the present, and environment is now a fully estab- 
lished element of all serious studies of epidemiology and disease devel- 
opment, be it microorganism (Allen, 1954) or virus (Bawden and Firie, 
1952), and extends through the entire spectrum of extrinsic and intrinsic 
cultural control measures (see Sections IV and V). 

Because environment is demonstrably the most powerful controlling 
factor in pathogenic disease, alteration of the environment is equally 
the most potent weapon available to man in his efforts to obtain for 
himself the maximum productivity from his crops. And attention to the 
environment is but another term for cultural control. His pioblem is 
to identify the eni'ironmental factors which most profoundly affect the 
disease in question and to develop techniques which can be employed 
to ameliorate these factors. That this is often not easy, and at times 
unattainable, does not lessen the cogency of the argument. 

2. Direct and Indirect Effects 

As noted earlier, cultural practices aimed at alleviating nonpatho- 
genic diseases are characteristically direct. Many of those employed 
against pathogenic diseases are equally so, particularly as they pertain 
primarily to the diseased host plant — ^roguing, sanitation, eradication, 
storage management, heat therapy, and shifts to resistant varieties, or 
primarily to the inoculum — disease-free seed, certification of propagating 
material, indexing, soil sterilization, flooding, eradicant sprays, and dis- 
infectants. But others are more or less indirect — vector control, nutri- 
tional and other soil amendments, dispersal, isolation, crop rotation, 
elimination of alternate and reservoir hosts, and establishment of trap 
and buffer crops. In these last instances, the grower seeks, by manipu- 
lating one or more factors in the chain of events and circumstances, to 
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retard the development of disease and lessen its eventual impact By 
destroying the vector of bacterium, virus, or fungus, he seeks to inter- 
cept the movement of inoculum By sod amendment he seeks sometimes 
to abet host resistance, sometimes to mhibit pathogen growth By dis 
persal, isolation, or barrier crops he seeks to prevent the juxtaposition 
m time and space of susceptible crop and virulent pathogen Measures 
such as these are often effective, sometimes dramatwaUy so, but they 
are indirect, and thus inherently more difficult to identify, develop, and 
administer 

Disease control by cultural measures is not only frequently indirect, 
even obscuie, but it is very likely to involve more than one operation, to 
require the jomt application of two or more practices Thus attention 
not to seeding rates alone, but to seeding rates, timing, and depth of 
sowing are required for results to be satisfactory Care m storage avails 
but little unless preceded by care m harvest Vector control must often 
be supplemented by destruction of weed hosts and sanitation within the 
crop In our discussion of specific measures later in this chapter we 
attempt to focus on each of many possible approaches one by one, but 
with the full realization that, in practice, they do not operate in a 
vacuum and that crop production, by whatever combination of means 
proves practicable, is the ultimate goal 

It IS perhaps not an unwarranted oversimplification to say that the 
basic approach in cultural control is to invoke every aspect of cropping 
practice which will promote crop growth, inhibit or otherwise obstruct 
the pathogen, avoid, delay, or lessen the impact of disease, should it 
ensue — and rigorously to discover and eliminate any and all practices 
which operate in the opposite direction To the extent that these steps 
can be knowingly instituted, so much the better, but it is a rare mdi 
vidual indeed who does not, wittingly or unwittingly, employ certain 
practices calculated to control disease 

3 Cultural vis a vis Other Methods 

In pubhc and private favor, two methods of disease control stand 
out head and shoulders above all others (see N E Stevens, 1940) First 
rank must clearly go to application of Eangtctdal (and hactericid'i}) 
chemicals to foliage, seeds, and soil, next most popular is the develop 
ment and introduction, through plant breeding and selection programs, 
of disease-resistant varieties Tliese ^vo approaches liave httJe in com- 
mon It IS true being directed at different facets of the crop pathogen 
environment complex, and finding their greatest popuIarit>' in different 
sectors of the agricultural structure But in the aggregate fhcj dommafc 
the time attention resources, and enthusiasm of groucrs. professional 
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plant pathologists, and the lay public. What, then, is the status of cul 
tural measures as contrasted to the “big two”? 

It is instructive here to turn to the experience of entomologists con- 
cerned with forest insects (Graham, 1951). Some, at least, recognize 
that to accomplish “preventive control" it is always necessary to manipu- 
late factors of “environmental resistance," and that the interrelations 
between forces of production and resistance are more often than not 
highly complex. Graham insists that even with DDT available in large 
quantities and application methods both cheap and cfTicicnt, prevention 
IS still less expensive in the long nm and more effective than direct con- 
trol. He warns us lest in our enthusiasm for chemicals we blind our- 
selves to the fact that although the current crop of organisms can be 
poisoned, conditions favoring outbreaks cannot be thus directly 
changed to our advantage, that never will all the individuals of a 
species be killed nor can harm to other species be always avoided. 
After all, we must agree that whether it be a population of insects or of 
plant pathogens, it can be held in check only when destructive forces 
at least equal reproductive capacity and when the situation is stabilized 
at a relatively low population level, such that damage is not unduly 
severe. With but slight modification these strictures apply directly to 
our use of fungicidal sprays or dusts. 

It is, likewise, no disservice to the recognized contribution of the 
plant breeder and to the importance of disease resistant varieties to 
remind ourselves that each new achievement in this direction wins but 
a temporary skirmish in the never-ending war with plant pathogens. 
Ceres wheat, Victoria oats, and a host of less publicized varieties stand 
as monuments to the ability of the pathogenic species to mutate, multi- 
ply, and survive. We are needlessly risking our welfare if we rely solely 
on chemicals and resistant varieties, alone or in concert, and ignore the 
third and fourth dimensions — environment and disease development— 
and the cultural practices by which matters in these dimensions can be 
turned to our advantage. 

Chemical treatments to control disease are furthered or hindered by 
cultural practices, and resistant varieties vary in success, depending on 
how they are managed in the field. There is no necessary conflict be- 
tween cultural and other measures, and the wisest course lies in a 
well-informed, objective welding together of all possible offensive and 
defensive aspects into a cowdinated, integrated whole. 

No association is more inextricably close than that between cultural 
measures and biological control (see Chapter 13). In many instances 
we are not yet even certain whether the ultimate effectiveness of a 
given practice is the one or the other, particularly when available evi- 
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dence suggests that the immediate result is so to alter the environment 
that growth of nonpathogenic organisms is accelerated at the expense 
of pathogenic forms. 

Finally, when other, more orthodox methods fail, grower and pathol- 
ogist turn, if only for interim relief, to the diverse measures of cultural 
and environmental nature 

C Economic Considerations 

In every aspect of disease control economic considerations come 
to bear importantly, none more so than in the application of cultural 
measures. As N. E Stevens (1938b) pointed out some years ago, outside 
the field of ornamentals, control should cost demonstrably less than 
losses from the disease are likely to be "However much we may enjoy 
experimenting with seemingly impracticable problems and solutions, we 
owe it to our profession not to urge the use of any control method 
unless it meets this economic test.” He suggests that to make this pos- 
sible we need much more accurate information on tlie actual cost of 
disease and insect losses He regards some of the dollar estimates of 
losses from plant diseases and insects published earlier as "little short 
of fantastic,” which did plant pathologists very little good with the public 
or with their colleagues in other fields of biology. “In their zeal for 
demonstrating their ability to solve difficult problems of disease control, 
plant pathologists seem a little like the old time volunteer firemen who 
were more interested in beating the other outfit to the fire and putting 
on a good show there than in saving the building. Pathologists seem 
sometimes to forget that the real purpose of agriculture is not to control 
plant diseases but to grow profitable crops. For growing profitable 
crops, disease prevention is often better than disease treatment." 

Informative discussions of the economic aspects of plant disease 
losses are to be found in a recent monograph by Chester (1950) in the 
classic bulletin published some years ago by a committee of the Cali- 
fornia State Agricultural Experiment Station on plant quarantine prob- 
lems (Smith et al, 1933) and Brooks’ (1935) sound treatment of botan- 
ical aspects of food storage and marketing. 

1. Criteria 

Because the relationship between outgo and income, as it pertains 
to cultural control, is more obvious than in tlie case of hettcr-knoun 
alternative measures, it is far more likely to be taken directly info con- 
sideration. Not only does this prove true, but one suspects th.it rather 
more stringent criteria of economic feasibility arc applied to ailtural 
practices than to chemical control measures or the use of resistant 
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varieties. It is not uncommon to find sprays and dusts rccommcndc , 
and applied, in situations where the economic soundness of the program 
is not clearly demonstrated— if, indeed, considered at .all. But only narely 
do we see cultur.al procedures undertahen until there has first been 
serious thought given to whether it will “pay off’ in increased crop value. 

Natur.ally, those culturtil mc.isures which are sjaionymous with, or 
only a slight modification of. practices and programs already being c.ar- 
ried out in the routine planting, tillage, and management of crops will 
cost little, if anything, and can be instituted without undue concern for 
their economic outcome. In a word, there are instances when, as the 
saying goes, “it doesn’t cost anything to try.” Our chief point is that, 
when it does cost something to try, the probable gain must be rather 
clearly shown before the grower can be persuaded to take the suggested 
steps. We will have more to say on this point shortly. 

2 Crop Value 

Granted that cultural control is forced, to a degree not encountered 
elsewhere, to meet the criterion of economic feasibility, we find a number 
of factors influencing the final decision. Not the least of these is the 
consideration of crop value. Understandably, the higher the basic worth 
of the crop, the greater expenditure of time, effort, and money becomes 
justifiable m its defense. Other things being equal, one can wisely expend 
more upon a perennial than upon an annual crop, more upon orna- 
mentals than other commercial crops, more upon horticultural than 
agronomic varieties. Forest stands, traditionally, are not subjected to 
measures having a high per acre cost When they have been converted 
into processed materials, they (like all market produce) attain minimum 
volume and maximum value, and can be protected by the more expen- 
sive measures characteristic of storage and market pathology. Each case 
must be judged and decided upon its own merits — weighing crop value, 
control expense, and predicted benefits. Sometimes the answer will be 
a clear affirmative, sometimes negative — and too often in the uncertain 
intermediate gray zone. The obligation to make an honest assessment 
is inescapable. 

3. Cost, Liability and Responsibility 

Wlio, then, bears the cost of cultural control, once it has been under- 
taken? We can agree that it is the producer who must nearly always 
make the effort and foot the bill, however surely the costs will eventually 
be passed along to the consumer. 

This is in sharp contrast to the situation as regards fungicidal control 
and adoption of resistant varieties. In the case of fungicides and other 
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agricultural chemicals tiie cost of development (variously estimated at 
between $1,000,000 and $2,000,000 for each new spray, dust, or insecti- 
cide) has already been borne by society before the grower makes his 
initial purchase, in the form of research and development establishments, 
experiment station facilities, and professional manpower. Even more 
strikingly, virtually the whole cost of developing disease-resistant varie- 
ties is underwritten by public and private funds before the seed or 
propagating stock is ever made generally available for sale. 

While it might be argued that costs are in the last analysis the 
liability of the producer, the point to remember is that the grower is 
aware of paying only a tiny fraction of the full cost of resistant varieties, 
a somewhat larger proportion of the costs of chemical control, and is 
likely to feel the full burden of cultural practices. To him, then, the last 
may well seem disproportionately expensive and correspondingly un- 
attractive Thus, while in actuality they are often the cheapest available 
control, cultural measures may and often are judged the most dear — 
even in those cases where total costs are reduced by combining one or 
more practices with each other or with agricultural programs unrelated 
to disease control. 

Responsibility for instituting cultural controls is often, but by no 
means always, to be laid at the feet of the producer. In those instances 
where the immediate cropped area Is affected, tho grower may come 
to a decision with only his personal interests in mmd Vector control, on 
the contrary, almost always depends ultimately upon tlie attitude of a 
group of growers, and the individual has an obligation to cooperate 
which goes beyond his immediate prejudices. When weeds act as sources 
of inoculum, it may be necessary for governmental agencies to tale 
action (Broadbent, 1957). Fixing responsibility, in tho special instance 
where eradication of incipient infections is carried out as an adjunct to 
plant quarantine, becomes an interesting and difficult question of prop- 
erty rights. Smith et ah (1933) provide a particularly penetrating analy- 
sis of this situation in pointing out the important difference bcluecn 
requiring a grower to control a pest or disease which otherwise con- 
tinually threatens his neighbor and requiring him to eradicate it. Tlicy 
argue that if a reasonably effective control is available at moderate cost, 
it can l>c assumed to be to the mutual advantage of nil to adopt tlicse 
measures and that the individual can be held liable if incidence on his 
property readies a slate which menaces others. He is not. however, 
fairly held responsible for the occurrence of disease or pest orginJsms 
on his property nlxive and bc)ond ordmar>’ methods of control, and 
ought to be compensated for any considerable cost in escess of this or 
for any dcstniction of property inxobcd in eradication. In their opinion. 
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compulsory control is a proper function of the police power, but com 
pulsory eradication, since it deprives the grower of valuable property 
for the benefit of society, is an altogether different matter, and shou 
be fairly compensated. 

In countries whose resources arc less than adequate or where indus- 
try and scientific agriculture arc as yet underdeveloped, economic con- 
siderations operate to stress cultural control practices. In primitive 
agricultures throughout the world, what little disease control effort is 
made is entirely based on cultural measures; they arc the first and the 
last resort of the producer who is unaided by public or private support 
and who farms without benefit of modern experimental research. Even 
in large nations such as the USSR, a survey of published literature 
clearly indicates above-average interest in cultural control, although 
this undoubtedly stems from lack of information and general unavail- 
ability of more orthodox materials and procedures rather than a special 
appreciation of the full potential of cultural methods. 

D. Obstacles to the Adoption of CtiUurnl Measures 
A number of obstacles to the more widespread adoption of cultural 
control measures are implicit in the foregoing discussion. Two deserve 
further emphasis. 

1. Problems in Research 

All too frequently our research methods must be empirical, and 
progress is seriously hampered by the multiplicity of variables encoun- 
tered — more, by far, than beset those who work with more generally 
recognized approaches. The latter research, too, is largely empirical, 
but demonstrable results are more easily come by, and much of the 
collected data less complex. In case after case the investigator of cultural 
techniques finds himself hampered in trying to see his way to a clear 
analysis, and is distressingly unable to duplicate his experimental results 
This is not an inherent weakness of the research man, but a measure of 
the sheer complexity of the material circumstances with which he deals. 

2. Problems in Application 

Several problems arising in the application of cultural control meas- 
ures further hinder their more widespread adoption. The impact of 
popular fashion is certainly paramount among these. Control by chem- 
icals or by the use of resistant varieties has become so firmly fixed in 
the minds of pathologist, producer, and public that any alternative 
method is handicapped from the start. A thread of oppressive con- 
servatism nms conspicuously through the whole fabric of agricultural 
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research and practice, and mditates against departure from orthodox 
and long-established procedures. 

Application— demonstrably successful application, that is — very often 
requires cooperative action, and the achievement of this ranges from 
the difficult to the impossible. The grower who chooses to apply chem- 
ical substances to his crops, seed, or soil miiy — ^provided he exercises the 
most rudimentary safety precautions — do so with impunity and on his 
sole initiative, encouraged by the assurance that at least some direct 
benefits will accrue whether his neighbor on either side chooses to act 
accordingly or not. He may plant seed of resistant varieties or employ 
disease-resistant propagating material and confidently hope for some 
improvement in his situation whether or not his colleagues follow suit. 
But very often, as will be shown later, the whole success of an un- 
orthodox measure rests upon its simultaneous, conscientious application 
by a group of individuals. This cooperation must often be initiated by 
law and bolstered by public opinion, for, as Racicot (see Stevens and 
Stevens, 1952, p. 176) has phrased it in referring to eradication pro- 
grams, “without adequate legislation, a goodly number of people believe 
that in this free country of ours it is their duty to do as they please and 
others put it off until it is too late. The result is frequently failure." 

Basic to the normal application (not necessarily the experimental 
study) of disease control procedures, but most conspicuously in the case 
of cultural methods, is the absence of rigid controls. It is very like taking 
medicine or not taking medicine, going to bed or refraining from it 
when afflicted with the common cold virus. For any particular instance 
or individual it is impossible to do both — and impossible to show, there- 
fore, what would have occurred had the rejected alternative been 
adopted. The same is true of cultural control of plant diseases as applied 
to the farm, backyard, or forest. There is just no possible way, in most 
instances, of assessing how different the eventual outcome may be 
because of cultural measures undertaken. This inherent indecisiveness 
is highly prejudicial to the popularity of unorthodox practices among 
men who very humanly wish to see, or to think that they see, tangible 
gain for their efforts. 

Tlie far greater complexity of cultural control situations stands as 
an obstacle to adoption of these techniques because there is the ever 
present danger of worsening the existing damage. Spraying and dusting 
may not be the sinecure they arc commonly held to be, but rarely arc 
matters made worse (except perhaps by insecticides, where instances of 
unfavorable side effects are well publicized). Tlic m.aximum loss is 
customarily no more than of monej^ and labor. In the same sense, adop- 
tion of resistant \'aricties is, by and large, a thoroughly "safe" procc- 
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dure, despite such dramatic failures as of the Victoria oat lines, which 
fell before a hitherto unknown Helminthosporium pathogen. But, in the 
web of interacting variables within which cultural measures must oper- 
ate, it is not at all uncommon to encounter practices which have led to 
a harmful, rather than helpful, outcome. Adjusting the environment, 
which is m the last analysis the basis of cultural control, is at best a 
risky business. The wise and able producer, the one best able to under- 
stand and apply these special measures, is well aware of the hazards 
just pointed out and rightly reluctant heedlessly to risk them. The impli- 
cations of this state of affairs for the professional research pathologist 
and extension worker are obvious. 

Finally, many cultural control measures are by their very nature 
necessarily instituted well in advance of the appearance of disease. 
They do not, therefore, lend themselves as readily to use against dis- 
eases of the sporadic type as does chemical control, which can often be 
delayed until forecasting systems detect a specific threat. Economies in 
time and labor made possible by disease forecasting arc not possible 
in relation to cultural control. 

E. Desiderata 

We have painted, thus far, a somewhat dismal picture of disease 
control by cultural methods, stressing the overwhelming complexities 
involved, the general reluctance of those concerned to think and act in 
this area, and the obstacles standing in the way of more widespread 
adoption. This pessimism has been wholly intentional, of course. At the 
same time we have tried to give some indications of future promise and 
have hinted at some of those aspects wherein cultural methods can and 
do compete very favorably with orthodox programs. If these promises 
are to be realized, what further work needs doing and what further 
information is essential? 

1. Biological Information 

Graham (1951) has given us, with specific reference to forest insects, 
to be sure, convincing evidence of the absolute indispensability of sound 
and thorough knowledge of the biological basis of disease as a prelude to 
cultural control and an indication as to the frame of mind in which this 
information must be sought. He points out, for example, that the white- 
pine weevil was for many years studied only where it was abundant, 
until it eventually dawned on someone to look in those areas where it 
was normally scarce. Tliis ne^v lead soon showed that where the trees 
grew from infancy in dense stands a good crop was invariably produced, 
whereas scattered plantings were always severely injured or worthless. 
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and that pines growing mfermuced with hardwoods were practicallv 
never attacked This all pointed to obvious ways by which forest manage 
ment could materially reduce damage 

A second major insect menace, the spruce budworm, is estimated to 
have destroyed, in a 10 year period, enough timber to have operated the 
then existing pulp mills for 40 years— a volume sufficient, piled as cord 
wood, to have encircled the globe at the equator 10 times This problem 
also proved solvable through the same basic approach when it was shown 
that spruce-fir stands having, in the upper crown, less than 50% balsam 
were seldom killed because the newly hatched young, contrary to 
popular opmion, enter almost immediately into a period of hibernation 
The balsam appears to serve as an ideal site for their survival It was 
shown, further, that the puie form of the insect led to outbreaks only 
when the proportion of twigs bearing slaminate cones was in excess of 
20 % of the total twigs on the tree This proportion, in turn depends on the 
root-to crown ratio and is based on the relatively greater amounts of 
carbon than of minerals m large crowned individuals Once the complex 
interdependencies were established, control needed to be no more in 
volved than the cutting out of scattered, large crowned trees 

Satisfactory progress m the identification, development, and applica 
tion of cultural control measures will be achieved only tlirough similarly 
meticulous and persistent researches on the biology of disease in plants, 
coupled with close observation of the effects of empirical Beld tests and 
a genume willingness to evaluate objectively the long established, tra 
dition based practices of the commercial producer Along with these 
studies it will be necessary to make major improvements m our ability 
to recognize and evaluate disease losses and, m pushing toward this goal, 
to accept every new technique which presents itself — such as, for 
example, aerial color photography (Colwell, 1956) 

2 Historical Information 

History, long neglected, might provide us with priceless kejs to 
disease control, particularly by cultural measures, if wo were to seek 
them diligently enough — history not of disease control, or of the identi- 
fication, nomenclatural Mcissitudcs, or laboratory studies of the pathogen, 
but history of diseases per sc Plant pathoIog> does not ha\c, to its 
great detriment, nn> sudi monographic study of disease dexebpment, 
epidemic spread m prior times, geographic origins, and the hke, as is to 
be found in the magnificent \olumcs on human medicine brought out b) 
the Gcomcdical Research Station at IJcidellierg (Jlodcnwaldt, J952- 
1953) Plant pathology faces the same diallcngcs as docs public health, 
but plant pathologists neglect to use some of the Icyils m (he hands of the 
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public liealth specialists. Contemporary experimentation plus observation 
of current field incidence cannot always discover the circumstances in the 
host-pathogen-environment complex which can lead to disease develoi^ 
ment. If we were to make careful studies of the origin, spread, an 
fluctuations of diseases as entities — much as one would chronicle the 
rise and fall of human civilizations and societies— against a background 
of weather, crop varieties, fanning methods, etc., we might find new and 
highly promising leads toward effective control. After all, in looking at 
past outbreaks we would at least know that the peculiar set of circum- 
stances necessary to produce them had existed at that particular time 
and place. Our problem would be to find out what factor was common to 
many epidemics and thus of proved importance. Large (1940) has done 
something of this nature for potato late blight, but the whole approach is 
virtually unexplored and we shall be handicapped until it is attended to. 

3. Cooperatiue Action 

Cultural control in many situations is best carried out as a joint 
venture — if large geographic areas are involved it must always be so 
handled. Valleau ( 1953) has given us a good example of this in reference 
to the blue mold of tobacco (Peronospora iabacina) in the eastern 
United States. As he says, any informed tobacco grower can with com- 
paratively little labor, be certain that his farm does not originate an 
epidemic. The joint efforts of a majority of tobacco growers in the 
region could reduce losses to the vanishing point. In the over-all pic- 
ture, by eliminating the pathogen from Georgia, where it survives the 
winter on living plants and as oospores, we could prevent the spore 
showers to which tobacco m the Carolinas and Virginia are subject and, 
hopefully, engineer the gradual disappearance of the disease in those 
more northerly regions Here is the extreme case of joint action, wherein 
success in disease control in one area would be totally dependent on the 
efforts— and joint efforts at that — of growers in a far distant sector. 

A somewhat similar suggestion has been made with a view to re- 
ducing cereal rusts in the Indian plains by arbitrarily limiting plantings 
in tho nearby highlands (see Section V, C. 1). Neither of these plans has 
been tried, and either might be challenged on biologic, economic, or 
political grounds, but the principle of cooperative action is still valid. 

III. Elements of Cultural Control 
Tlic diseased plant, the pathogen, and the diseased population form 
tho framework of this treatise and the point of view emphasized, in turn, 
by each of its three volumes. Save in the exceptional case of individual 
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ornamcntil plants, disease control measures are directed toward the 
diseased population, but they may operate primarily m relation to the 
host plant, the pathogen, or the environment Pathogenic disease is not 
an entity in itself — it is the sum of mnumerable specific interactions 
behveen individuals of the pathogen population and mdividuals of the 
host population Control of pathogenic disease is the net effect of the 
particular measures involved upon these specific interactions, a gen 
eralization which holds as true for the cultural approaches to disease 
control as for the more orthodox endeavors Tlie effect is general, the 
mechanism specific 


A The Diseased Plant 

N E Stevens (1949) has tabulated certain data in an effort to 
establish, with respect to ornamentals, the characteristics which lead to 
freedom from, or propensity for disease damage Disease free forms 
are found to be predommantly of foreign origin, to have no near relatives 
Within the native flora, and to be of no more than minor commercial 
importance, at times even decidedly rare Disease prone forms by con 
trast, are characteristically native to the area, vegetatively propagated 
and found in great abundance Similar generalizations could be estab 
lished for crops species, and forest plantmgs 


1 Epidemiological Aspects of Host Defense Devices 

Chapters 11 12, and 13, Volume I ore especially pertinent to a con 
siderahon of cultural control The reader is directed particularly to such 
matters as disease escape the influence of environment on histological 
mechanisms of defense, liypersensihvily the acquisition of apparent 
immunity to invasion by virus proteins and the development in the 
host of tolerance to the presence of the pathogen {Hart, 1949) In the 
laboratory, greenhouse, and experimental plot these are problems in the 
physiology of host parasite relations, in the field they become attributes 
of population dynamics and of disease control ^ cultural measures As 
noted earlier m this chapter (see Section If, E, 1), it is of tins basic 
stuff of biology that effective control must be compounded 

Cultural control, when it is speaBcally directed to the plants of die 
host population (see Section IV) svorU through (he agency of host 
defense— be it histological (cuticle, work formation, ligmfication, byper 
sensitivity etc ), avoidance, degree of receptivity, habit of growth, nfo 
’ sheer forhiitous escape — and seeks so to alter the 


of maximize the net effectiveness of these host defenses 

standpoint of the entire population 
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2. Host Predisposition in the Diseased Population (see also Volume I, 
Chapter 14) 

Mineral nutrition, temperature, moisture, light, soil reaction these 
and related factors of the environment prior to inoculation act to pre- 
dispose the host to invasion by pathogen or to minimize the likelihood 
of its becoming established, although Gaumann (1950, p. 362) insists 
that in general “disease proneness” is less markedly affected by external 
influences in plants than in man and that the pathogen therefore dom- 
inates plant pathological thought. In any event, whatever effect there is, 
is upon individual and specific plants, not upon the population. Only 
when attention is fixed on practical application does the emphasis shift 
from the biology of the individual plant and pathogen to the over-all 
effect of management practices upon that relationship. For example, 
water congestion and the role of guttation droplets in facilitating the 
entry and establishment of pathogens (Eide, 1955) is a problem, and a 
very stimulating one, in plant physiology; transferred to disease control. 
It becomes a problem in soil and air temperature, rainfall, humidity, 
wind, selection of varieties, cropping practices and, often, manipulation 
of irrigation water. \ 

3. Therapeutic Measures in Disease Control (see also Volume I, 

Chapter 15) 

The concept of therapy assumes that the pathogen has become 
established and that disease exists; therapy seeks to remove the affected 
portion or to exorcise the invader in such a way and in such good time 
that the host plant will resume essentially normal growth. Excision, 
pruning, chemotherapy, heat treatment, arc representative measures 
diTCClcd to this end. 

Tlie distinction here between the biology of the individual plant and 
the control of disease in a population is one only of degree. Tlic research 
investigator applies his techniques to one or to a small number of host 
plants; the grower attempts to find means whereby these same measures 
can, perhaps by simplification and mechanization, be imposed on large 
numbers of plants within a diseased population. For once he docs not 
oixrate primarily through the environment, but, like his professional 
colleague, directly upon the individuals of the host population. 

B. The Pathof^cn 

Volume II examines plant disease from the standpoint of the patlio- 
gen. Control by cultural methods has its parallel aspects wherein tlic 
chief target is the inoculum (sec Section VI) and uhcro techniques arc 
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designed to take advantage of any vulnerable spots in the biological role 
of the disease producing organisms their reproduction, pathogenicity, 
or dispersal 

1 Reproduction (see also Volume II, Chapters 3-5) 

Virus multiplication, the reproduction of bacteria, fungi, and nema- 
todes, and seed formabon by parasitic flowermg plants contribute 
ceaselessly to the fund of inocula threatening host populations Bepro 
duction potential is reflected m the epidemic pattern of disease Inocu 
lum production is, in turn, much conditioned by environmental factors, 
especially of the microclimate and of the soil, and is, therefore, subject 
to alteration by cultural measures 

Individual cases differ Some foliage diseases, serious when hosts 
are crowded and humidity m the immediate vicinity of the leaf surfaces 
IS high, can be favorably altered by reducing the seeding rate Others, 
such as the aphid transmitted peanut rosette vims, are made worse by 
dry weather and can be partially controlled by sowing more thickly In 
any event, plants requu-mg much moisture if it be supplied by irrigation, 
do not normally suffer from pathogens requiring high humidity (Hunt, 
1946) 

Spore germination, viability, survival and longevity, resistance or 
sensitivity to extremes of light, temperature, drought — all these elements 
of the pathogen are in the last analysis influenced by the environment 
and hence affected by cultural practices 

2 Pathogenicity 

Volume II of the treatise, particularly Chapters 6-6, treats of the 
mechanical and chemical means whereby pathogens invade their host 
species and of the interactions of pathogen, soil, and other micro- 
organisms Here, too, environmental factors play a part, and cultural 
control measures have a rightful place 

3 Production and Dispersal of Inoculum 

Pathogen reproduction is a mamsfestation of the biology of an 
individual organism — virus, bacterium, fungus, nematode, or flowering 
plant Inoculum production is the cumulative result of reproduction of a 
given population of a pathogenic species and as such is reserved to 
Volume in (see Chapter 2) Data on spore discharge and moiement is 
part of the biology of tlie fungus pitliogen and properly belongs in 
Volume II, moculum dispersal is a problem m epidemiology and its 
consideration as rightly appears in Volume III (see Chapters 3-6) 
Reference to those chapters will show tlie impact of the ph>sical ennron- 



374 


BUSSELL B. STEVENS 


ment upon the amount of inoculum produced; on dispersal by insects, 
air, and water; and the importance of the biotic environment, as exempli- 
fied by alternate hosts, symptomless carriers, reservoir hosts, vector 
species, and the like. 

4. Inoctilum Control 

Efforts to control the inoculum may be directed at the source (bio- 
logical control, Chapter 13; or chemical soil treatment. Chapter ll)j 
during the process of dispersal (through quarantines, Chapter 9), or at 
the site of the newly contacted host plant (chemical protection of foliage 
and seeds, Chapter 12). Cultural and related special measures, insofar as 
they operate against inoculum, lie mostly in a transitional zone not yet 
sharply delimited. Sometimes they aim primarily at the site of production, 
sometimes at the site of invasion, sometimes at both. In the detailed 
enumeration to follow, this variability will be clearly evident. Strategy 
and efficiency differ, and must be separately evaluated for each host- 
pathogen situation. 


C. The Diseased Population 

While it is entirely proper to consider a single plant as diseased, it is 
only when a population of plants is damaged to an appreciable extent 
by some agent or circumstance that disease, as the word is customarily 
thought of, exists. When this damage results from the interaction of two 
populations (host and pathogen), the study of their interaction is 
epidemiology, which van der Plank has treated in Chapter 7. Epi- 
demiology, in its best established and most reliable form, leads to 
prediction and the benefits of forecasting (see Chapter 8). 

The epidemic characteristics of a disease complex, whether swift 
moving or slow, whether of sporadic or regular occurrence, whether of 
relatively uniform or sharply fiuctuating severity, influence greatly the 
extent to which cultural control measures prove practicable or (better 
said) whether a particular cultural control measure will prove practicable. 

IV. Intrinsic Measures Dhiectly ArrEcmNC the Individuals 
Comprising the Host Population 
Of the cultural measures employed for disease control, some act 
primarily by direct action on the individuals of the host population. 
Uicy arc applied, in almost every case, to the diseased crop as a whole, 

.be ^Ja“nlf'wdvef " " 


Inlrinsic measure, are not always devoted exclusively to disease 
control-oticn this rs an atreillary aspect. Tire following discussion can 
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be c\lcndccl to incltulo, Iiowevcr, only the plant pathological implications 
of the subjects covered irrespective of whetlier tliey arc primarily or 
incidentally devoted to that end 

A Cultural and Related Practices 
Cultural as used in the title, and thus far throughout this chapter, 
has been accorded the broadest possible meanmg As noted earlier, it 
incorporates all control measures other than imposition of quarantines, 
application of chemicals to soil, seed and foliage, disease resistant 
varieties, and biological interference In the present section, however, 
the vvord is employed m a much more restricted sense to refer to those 
management, tillage, and handling practices which relate to disease and 
disease control We are attempting thus to see, in a few examples how 
the often routine practices of the grower — what he does or doesn t do — 
arc of importance in the eventual pathology of the crop m question 
Oftentimes, disease control is only incidentally related to the procedure 
discussed, oftentimes it is not yet clearly understood why the observed 
results are obtained That there can be a consistent significant effect is 
pretty well established 

Growth habit, for instance, natural or as altered by pruning in 
fluences the disease propensities of the host plant Gaumann (2950, 
p 258) reminds us that, in general, erect bean plants are less subject to 
antliracnose than squat drooping varieties, what he refers to as ‘stand 
ard ’ roses are less troubled by black spot than bush roses, and potato 
varieties with open habit are less damaged by late blight 

Avoidance of heart rots of orchard, shade, and ornamental trees is 
largely a matter of preventing wounding, treating promptly such wounds 
as do occur, and stimulating growtli to promote rapid healmg (Wagener 
and Davidson 1954) In the important area of marJeet pathology of 
perishable fruits and vegetables, care in handling, all the way from 
harvest to eventual sale, is of first rank importance (see Section 4, 
below) 

Soil characteristics and tillage practices are among the factors in* 
volved in crop culture in the restricted sense used here Gaumann (1950, 
p 423) mentions the influence of heavy- and light textured soils on 
potato tuber infection with late blight, and comments on tho width 
recognized importance of soil reaction and humus content risclioj nnd 
Holton (1957), discussing wheat bunt, underscore the ndvnnhign of 
fall plowing of summer fallow, which has the effect of turning tlin sinnt 
spores to a depth below the usual placement of seed 

Soil, soil management, and cropping procedures liavo Jutn con 
vmcingly implicated in the matter of root rots, « (.ntoyoiy disease 
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which has been long recognized as of major importance, but one only 
recently subjected to carefully controlled experimental research. Results 
have been disappointingly hard to come by, largely because a rnu ti 
plicity of variables is inevitably encountered, but some very useful leads 
have been struck and the outlook for the future is encouraging. Take-all 
of cereals, particularly of wheat, is made worse by continuous cropping, 
by weed competition, and by low soil moisture (resulting in low fertility) 
primarily because diseased roots cannot be replaced rapidly enough, 
dry topsoil seems particularly unfavorable (Simmonds, 1953). Irrigation 
can, of course, profoundly alter the entire pathology of a crop (Chester, 


1947, p. 477). 

Silvicultural methods can be enlisted in campaigns for pest and disease 
control. Graham (1956) discusses the regulation of insect populations 
dirough planned forest management, aimed chiefly at reducing the 
amount of land occupied by what he terms “hazardous” forest types, but 
with due regard for economic considerations and in harmony with efforts 
to control pests by chemicals. Much study has gone into the matter of 
dwarf mistletoe infestations as encountered in conifer stands of the 
southwestern United States. As noted earlier, the economy of standing 
timber largely precludes control measures other than those which can be 
instituted as an integral part of the over-all silvicultural program Except 
in a relatively few cases, chemical control of forest diseases is pro- 
hibitively expensive and technically difficult, and the peculiar problems 
of forest tree breeding have seriously postponed the development of 
resistant varieties, even assuming that the bulk of our forest lands will 
eventually be occupied by set trees rather than naturally reseeded- 
According to Kuijt (1955) mistletoe infestation is most favored by 


selective cutting and least by clear cutting. He recommends: (1) cutting 
infested blocks first, where the block system of cutting is in vogue; (2) 
selection of seed trees free of the parasite; (3) removal of infested trees 
first in thinning operations; and (4) where possible, cessation of logging 
and pnming operations during tlic parasite fruiting season. 

Burning has proved valuable in scattered situations as a means of 


reducing disease damage, wholly aside from its routine use in seedbed 
soil sterilization. As N. E. Stevens (1938a) pointed out in a review some 
years ago, destnicUon of diseased plant parts by burning in order to 
rcduc'c inoculum has been vcr\' often recommended, although perliapx 
less generally practiced. A 5-} ear study of the brown spot needle blight 
of longleaf pine seedlings by Paul Siggcrs has shown that a single fire 
greatly reduces the disease for a season or two, and that, once the seed- 
lings are cstahllshctl, controlled winter burnings at three-season intervals 
is eflt'tlive as a control in areas devotetl to timber. 
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More recently, Hardison (1948) has recorded control of blind seed 
disease of perennial r>e grass (caused by PhiaJea temulenta) in Oregon 
for at least 1 year by burning straw and stubble He does not recommend 
this as the only action Indeed, a complex of measures is mdicated (1) 
elimination of badly diseased fields through inspection of seed samples, 
(2) where possible, ageing of seed for 2 years, and (3) planting seed to 
a depth of inch or more, completely covered, to prevent emergence of 
tlie apotliccia 

Tobacco blue mold or downy mildew furnishes another good example 
of control, largely cultural, achieved by joint employment of a con 
sidcrable number of individually unrelated measures (McGrath and 
Miller, 1938) Current recommendations mclude ( 1 ) selection each year 
of a new seedbed site, with a view toward adequate air dramage, 
ventilation, and surface water runoff, (2) sterilization by steam, bummg 
or chemicals of seedbed sites when new ones are not available, (3) 
destruction of holdover plants, (4) watering when necessary, in fore 
noon only, and (5) field sanitation, le, removal and destruction of 
diseased plants and plowing under or cutting down of all plants re 
mainmg after harvest 

Seldom, if ever, arc cultural control measures encountered which are 
entirely independent of other practices, often they are part of a whole 
fabric of activities which, m the aggregate, suffice to produce a de 
pendable crop We cite the above examples not as special instances but 
as illustrative of the normal state of affairs, similar relationships hold, 
even though unspecified m most that is to follow 

1 Removal of Plants 

Rogumg, so called, or the systematic removal of diseased individuals 
from a host population is an obvious and often practiced control pro 
cedure Because it is characteristically a hand operation, it involves, on 
any extensive scale, undeniably high labor costs While frequently 
recommended, rogumg has fallen rather out of favor with the advent of 
control measures which are more specific and supported by more ex 
penmental evidence Of itself, it is doubtful whether rogumg ever 
achieves a degree of control whidi would be fully satisfactory This is 
in part because by the time disease symptoms are so conspicuous as to 
mdicate removal of the plant, inoculum will have spread to nearby 
healthy individuals By far the most appropriate use of this device is as 
an adjunct to other practices as m the production of virus free propa- 
gation stock, as a preliminary to chemical disease control in small 
plantings, and m eombatmg diseases of forest and shade trees 

Alan to rogumg is the removal of volunteer plants, usuall> hold 
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overs from the crop of the preceding season. These serve not infrequently 
as a source of inoculum threatening the new host population, importar^ y 
as a means whereby pathogenic organisms survive the unfavorable 
environment of the winter season, as a bridge for nutritionally fastidious 
organisms between successive cropping periods, and as a site for the 
development of viruliferous vector populations. In many — but not all-— 
ways, volunteer plants play the same role as do weeds and other reservoir 
hosts (see Section VI, B, 1), and their consideration overlaps somewhat 
the discussion of sanitation and eradication (see below, subsection A, 
part 5). 

2. Physical Alteration of Host Indioidnah 

At times a physical alteration of the host plant, rather than its re- 
moval, is indicated as a means to disease reduction or control. Among 
these treatments are girdling, poisoning, root severing, desiccation, and 
defoliation. 

Root rots of woody species furnish interesting examples. Berkeley, 
in a 1944 review which covers control by varietal resistance, crop 
rotation, biological interference, fertilization, soil disinfection, green 
manuring, etc., recounts how the Armillaria root rot of tea in Nyasaland 
is reduced by ring-barkmg trees before they are felled in the process of 
land clearing. This prevents passage of carbohydrate from leaves to 
roots and — to be most effective — should be carried out just before trees 
break into leaf, thus accelerating the rate at which roots die. Trees which 
die slowly should be felled 1 year after ringing. Similar advantages have 
been gained in Ceylon as a protection for tea against Porta in jungle 
clearings, and in Nyasaland for tung plantations. The efficacy of these 
steps can be further enhanced by injecting stumps with sodium arsenite, 
which hastens decay and invasion by saprophytic fungi at the expense of 
pathogenic fungi — in some sense, therefore, a biological control measure. 

Wagener and Davidson (1954) argue that methods of control of 
decay feasible for forests must usually be applied to stands of trees rather 
than to individual trees. This follows from the fact that forests arc not 
sufilciently valuable to justify the kind of care usually given other woody 
perennials. At first glance, this would seem to rule out physical altera- 
tion in forest stands, but selective thinning and related silvicultural 
measures can prove effective, and rot can be much reduced by thinning 
hardwood sprouts before a bridge of hcartwood forms at the base. Low- 
origin sproiits and those from small stumps should bo retained rather 
than those of high origin and from large stumps. Wagener and David- 
son advise pruning of crop trees while the branches arc still small, which 
—aside from improving timber quality — reduces decay in young conifer 
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Stands by fungi such as PoJyporus aticeps. which enter througlj dead 
side branches. 

Colonization of stumps by butt rot fungi entering through roots 
(which may then lead to invasion of adjacent living roots) may be 
prevented by girdling and exhausting food supplies. Experiments on* 
artificial colonization of stumps by saprophytic-decay fungi holds prom- 
ise, and early infection of conifers may be reduced by setting the roots- 
at planting time in such a way that taproot formation' is hindered. But 
these workers conclude that, for some conditions, “conversion to mixed' 
stands is probably still the most practical means" and that the reasons 
for the natural arrestment of decay and the natural dying out of in- 
fections need to he better understood. 

Forest tree diseases have frequently aroused much public interest in 
the United States, none more so than oak wilt. For some years it has been 
observed to progress slowly through local groves of oaks and to spread 
over greater distances in a most erratic fashion. The cumulative efforts 
of workers at a number of experiment stations have established that 
tree-to-tree spread is accomplished in large measure by vascular trans- 
port of inoculum across root grafts and that overland spread is due to 
the activities of certain beetles and is associated with formation by the 
fungus of what are called “mats" beneath the bark. The former has been 
controlled in experimental areas by poisoning a strip of trees immediately 
svrrounding the infected individuals and (more interestingly perhaps) 
by passing a large, subterranean, tractor-drawn knife between diseased 
and adj'oining healthy trees in an effort to sever the root connections 
(Kuntz and Riker, 1950). Mat formation by the oak wilt fungus — and 
consequent overland spread — is substantially reduced by early {eUing 
of the willed trees, by deep girdling (preferably in the first part of the 
summer), or by application of sodium arsenite to a band of e.xposed 
heartwood (Gillespie et al., 1957; Morris 1955). 

Resort to destruction, defoliation, and desiccation as adjuncts to 
disease control has in the main awaited tlie development of special- 
action chemicals and of means for their cheap and effective application. 
Thus, as N. E. Stevens and Nienow point out (1947), under certain 
conditions a major portion of infection of tubers with potato laic blight 
occurs al the time the potatoes arc dug, chiefly, if not solely, if the tops 
of the plants are green at that lime. It has been long recognized that 
little or no rot occurs in storage when the potato plants arc completely 
killed by blight prior to digging. With this in mind, and parfiailarly 
since better control of both disease and insects have in recent years 
materially prolonged the period during whicli the foliage remains actively 
growing, methods have been worked out whereby tlic nl>avc-grotmcI 
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parts are killed by an herbicide and allowed to dry out thoroughly 
before the crop is harvested One has only to visit the potato-growing 
sections of Long Island, New York, or Aroostook County, Maine, to 
observe the widespread adoption of this highly successful procedure 
in the spectacle of field after field of dead brown plants m an otherwise 
green and luxuriant landscape As presently carried out, destruction o 
potato vines is thought not only to prevent infection of tubers by the 
late blight fungus but to reduce spread of virus diseases It is not 
routinely done, however, m the Far West, where the vines are allowed 
to remain alive m order to shade the soil and reduce losses from heat 
m)ury (Addicott and Lynch, 1957) 

Defoliation is of demonstrated value in reducing disease and pest 
damage In cotton culture, defoliation by calcium cyanide seems to 
induce lodged plants to return to an erect position, and to reduce boll 
rot and the injuries of leaf-feeding insects When the leaves of nursery 
stock being dug preparatory to storage or shipment are defoliated, 
diseases normally associated with foliage are reduced Several means are 
available (1) hand beatmg, (2) application of ethylene gas to stored 
stock, either from tanks or by including a bushel of apples for every 
400-500 cubic ft of the chamber, or (3) m the case of California roses, 
by allowing sheep to graze prior to lifting (Addicott and Lynch, 1957) 
Field defoliation has been advocated as an aid m bacterial canker of 
stone fruits, which invades the host through freshly exposed, incom 
pletely healed leaf soars The procedure of choice is to defoliate the 
trees in mid autumn and then protect them with a single spray applica- 
tion until leaf scars are completely healed 

3 Sanitation and Eradication 

Sanitation has been advocated repeatedly as a means of reducing 
the amount of inoculum to which the host population is exposed In 
tins sense its consideration might be postponed to Section VI, but, while 
the final aim is inoculum reduction, the sought-after result is achieved 
through actions immediately involving the host plant proper Sanitation 
as a direct means of disease control and as an adjunct to use of chemi- 
cals can be summarized in the following terms (Stevens and Stevens, 
1952, pp 166-1(57) 

"Ono of the simplest of all these means is, of course, removal and 
dcstniction of diseased plants or plant parts In the home garden, 
cspcciallj the ornamental garden, and in the greenhouse, this is of far 
greater utiht> than is generally realized In fact, the very obviousness of 
the mclhwl is one of its greatest ^^cakncsses^lt is not exciting, it is not 
cxjicnslse, and nnVos no appeal to the imagination Sanitation is also of 
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Utility in the orchard, primarily for such diseases as black rot of apple, 
and some stone fruit viruses 

‘The effectiveness of this type of sanitation in the home garden is 
due to the fact that infection is almost always heaviest in the immediate 
Vicinity of a source of infection [see also Wilson and Baker, 1946] 
Fallmg off in concentration of spores or other inoculum is at first very 
rapid At greater distances the rate of falling off is much slower, but the 
concentrations are so much lower that this is of less practical importance 

“As sanitation is the simplest of all methods of attempting disease 
control it may well have been one of the first attempted 

“In many cases sanitation is of unquestioned utility as an aid to 
disease control by spraying If the amount of inoculum can be markedly 
reduced by relatively inexpensive sanitation procedures the likelihood 
of achieving commercially adequate control by spraying is vastly en 
hanced There are many instances of this well known to growers and to 
plant pathologists Perhaps there is no better example than black rot of 
grapes Given reasonably favorable conditions this disease is readily 
controlled by standard spray schedules As a matter of fact it serves 
ns an unusually satisfactory subject for demonstratmg the efficacy of 
spraying However, if the disease has been severe m the previous season 
such control is usually possible only if, when the grapes are pnmed 
adequate precautions are taken to remove and destroy dead portions 
of the vmes which bear fruiting bodies of the black rot fungus This 
mvolves destruction of all mummies and dead branches Tendrils, even, 
must be removed from the wires, a step most easily accomplished by 
burning 

‘The same general principles apply to apple blotch and black rot, 
and to brown rot of stone fruits Keitt s work on eradicant sprays ( see 
also VI, A, 3) for the control of apple scab is essentially an attempt to 
cut down the amount of moculum present during the period of rapid 
growth of the host plant ” 

Sanitation takes many forms, sometimes the removal of infected plant 
parts and sometimes the removal of the body or reproductive parts of the 
pathogen, as the apple rust galls from cedar, conks of ^^ood rot fungi, 
leafy mistletoe, and com smut g'tUs (Chester, 1947, p 4S0) It may bo 
cleanliness m the literal sense, as the avoidance of dissemination of 
tobacco mosiic virus on the hands of workers through use of disinfectants 
(Chester, 1947, p 477), or ‘liousckecping” care, as when leaf mold and 
surface litter, m wet seasons, arc rcmo\cd from tea plantations to prc\cnl 
the spread of the RoseUinia pathogen (Bcrkclo\, IWl) It ma\ I>c cm 
ployed dircctl> m the control of smut diseases, as b\ the burning of 
diseased stubble against flag smut fn Australia, reduction of com and 
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sugar cane smuts, excision of infected buds in combating anther smut of 
carnations, or mechanical removal of bunt spores from seed grain by 
special machines (Fischer and Holton.» 1957); or indirectly as an adjunct 
to other cultural control measures for the production of virus-free cab- 
bage seed in western Washington (Pound, 1946). It may be achieved 
by routine, self-evident techniques, or by such unique procedures as that 
cited by Stevens and Nienow (1947) in connection with Sclerotinia on 
lettuce. In this last instance, lettuce harvesting methods in the Salt River 
Valley of Arizona leave obviously diseased heads, bearing their abundant 
sclerolia, in the field. At least part of tlie time sheep are allowed to 
pasture on these fields— with the result that the vast majority of the 
inoculum is consumed and digested. 

Eradication differs from sanitation only in the matter of degree; it 
aims at the complete removal of diseased plants or infective material. 
Summarizing the situation several years ago, Stevens and Stevens (1952) 
said* “The earliest successful eradication campaign of which the writers 
have found record is that against the Colorado potato beetle in Germany 
in 1875 . A very limited area was given such a drastic clean-up that 

the pest never reappeared. A second introduction was reported in 1934 
and the insect again eradicated at a cost which appeared trifling when 
compared with the value of the German potato crop. 

“The first apparently entirely successful eradication campaign con- 
ducted on a large scale in the U. S. A. was that against citrus canker. Of 
this work Fawcett says, ‘the eradication of this disease in Florida and 
other Gulf stales and in South Africa, after it had become well estab- 
lished on susceptible varieties and in spite of great difficulties, is perhaps 
one of tlic most remarkable achievements in the history of plant disease 
control. In Florida citnis canker was found at various times on 5l5 
properties scattered tfirougFi 26 counties ... it was necessary to destroy 
242,502 grove trees and 2,740,850 nursery trees. 

“Complete eradication of at least Uvo other tree diseases has also 
been achieved in the U. S. A. Tlicsc arc larch canker which was recently 
introduced into Nmv England and eradicated by destruction of all in- 
fected trees, and witches’ broom on Japanese cbctxy eradicated from 
the District of Columbia and adjacent Maryland. 

“On the other hand there have licen tliree major attempts at eradica- 
tion of tree diseases in the IT. S. A. which were abandoned as im- 
praclicahlc. Accounts of the campaigns against the chestnut bark disease, 
and the Dutch elm disease will be found in a recent edition of texts in 
plant patholojix* published in the United States of America. Less empha- 
sis was placed on eradication of white pine blister nist by this means, 
and attention soon concentrated instead on removal of the currant 
species.** 
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Eradication of incipient infections as a means to increase the im 
portance of plant quarantme is considered fay Smith et al (1933), who in 
so domg emphasize that quarantine is only a part of the machinery 
required for the prevention of permanent disease establishment and that 
It may often be unnecessary to discover the last mdividual pathogen and 
destroy it 

Yarwood, in a recent review of the powdery mildews (1957), cites 
several instances where a sort of eradication has been invoiced as a 
control measure of the lower leaves of tobacco m Southern Rhodesia, 
removal of apple shoots in Switzerland, elimination of Rosa banksia in 
control of apricot mildew, and the ^clean digging” of raspberries In the 
last instance (Peterson and Johnson, 1928) powdery mildew is con- 
trolled iw Wide TOW piopagaUve plantings by digging all canes in the 
row each fall and permitting new rows to come up from the underground 
parts in the inter row space In this way rows are alternated each > ear 
and there are no above-ground plants m which the pathogen can over- 
winter Fruit plantuigs, on the other hand, can be benefitted by pruning 
tips and by removing stunted and late season growth 

4 Harvest Practices 

As harvest time nears, whether it be the approaching end of the 
annual growing season or the last few years of a matunng forest stand, 

It becomes increasingly important to be vigilantly attentive to the moI 
fare of the produce Not only is it too late to make adequate substitution 
m the event of disaster, but the investment represented is second only 
to that of the harvested item After all, “of all losses caused by phnt 
diseases those which occur after harvest are the most costly, whether 
measured in monetary terms or in man hours Even a crop hke com 
or potatoes which is harvested on a large scale by machinery lias cost 
society measurably more in storage tlian in the Beld By the time a crop, 
particularly a highly perishable crop, has reached a city consumer its 
cost has multiplied Tlie consumers apple, for example, is the producers 
apple plus tile cost of picking, packing, shipping storing and handling, 
as well as sales cost, allowance for spoilage, and profits” (Stevens and 
Stevens, 1952, p 191) 

Preharvest inspection can provide information on the patholog> of a 
given crop as it completes its growth and mafiintion and enters into the 
harvest phase Particularly when coupled with expenmental tests, rcinblo 
forecasts ol postharvest conditions nrc altaimhle, this has been con- 
clusively demonstrated by N E Stevens m rehtion to fnnt rots of the 
cultivated cranberry 

Handling procedures and the care with wincli tlica arc cxccufed liaic 
a great deal to do with the ultimato welfare of agncullural commodities. 
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particularly as they relate to the more perishable fruits and vegetables. 
“This is one of the simplest methods to explain and to understand. It is 
also one of the most dilHcult of all to maintain at a really effective level. 
So in everyday plant disease control it is easier to sell patented processes, 
machinery and appliances than to convince each of ten thousand (or 
even ten) strawberry pickers that he should keep his fingernails trimme 
(Stevens and Stevens, 1952). Studies in a number of regions and for a 
number of commercial fruits and vegetables leave no doubt that decay 
can be very substantially reduced by exercising care during harvesting. 
Some well-organized industries seem better aware of this situation 
than others, taking every precaution to insure minimum injury and 
introducing special methods for the express purpose of cutting down on 
loss of produce during shipping and storage. 

Care in harvesting is of proved benefit in a number of situations. 
Strawberries picked early are less subject to fruit rots because the tissues, 
when cool, offer more resistance to mechanical injury (N. E. Stevens, 
i938a), whereas vacuum cooling, presumably because it results in 
minor injuries, leads to high percentages of loss (DiMarco and Davis, 
1937b). In Britain dry rot of potatoes (Fusarium) has been found to 
bo worse following mechanical grading, which necessitates agitation 
on bare wire screens, and in the United States tlie better insect control 
achieved with DDT is partly offset in late-maturing varieties by an 
increased tendency to harvest immature tubers and consequently greater 
damage from bruising. Tlireshing of dry flax is considered injurious to 
seed coats, producing cracks so small as frequently to be invisible to the 
unaided eye, but leading to poor quality seed (Eide, 1955). Gaskill 
(1930) emphasizes the value of prompt removal of harvested sugar beets 
from the field, showing that if they wilt in the field before storage not 
onJ)' arc rcsp'iratory losses increased but also, very sharply. Joss from 
rotting. All of this strengthens the argument in flavor of mechanical 
hajvcsting — with cither direct lo.ading from the haiv’cster or immediate 
pickup from the windrows. 

A niiml>cr of footl articles arc subjected to immediate posthar\’cst 
treatments prior to storage or shipment. Black rot of sweet potatoes, for 
example. Is effectively controlled by a momentar>' dip in 1% borax solu- 
tion (Martin ct al , 1919). Brallcy and Wiant (1950) list a considerable 
numlwr of prediipping treatments, most of them chemical in nature: (1) 
Imrax; (2) addition of hypochlorite and free chlorine to the wash water; 
(3) p.ainting stems of watermelons with copper sulfate and of pine- 
apples with l)cnroie acid; and (4) application of sulfur dust for control 
of hrowm rot In dcfu/zetl peaches. DiMarco and Davis (1957n) have 
iletnonvtr.ttesl suhslanti.il reshiclion In Itntnjiis and Wtlzopus rot of straw- 
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berry by adding mycostatin to the cooling water and of brown rot and 
Rhizopus rot of peaches with mycostatin and Dowcide as a postharvest 
dip (DiMarco and Davis, 1957b) 

Citrus, a crop on which much research tune and effort has been 
expended, furnishes instructive information on prestorage treatment 
(Miller, 1946, Hopkins and Loucks, 1948) Benefits of “curing” or ex- 
posure to COa may be due to an accelerating effect on certam processes 
before the fruits enter low temperature storage It has been discovered 
that m the early part of the season, when fruit is being held 60-70 hours 
for coloring, stem end rot (caused by Diplodia natalensis) is high, but 
that when coloring is discontinued later, there is a sharp drop in end 
rot and a marked mcrease in Pentctllium mold The latter can be avoided 
by inserting a curing period m place of the degreenmg, at a cost far 
overbalanced by the advantages gained 

Reports by Graham (1951), Wagener and Davidson (1954), and 
Veixall (1945) are representative of a very extensive literature on the 
relation of harvest and prestorage handling on quality of timber and 
forest products, and provide convincing evidence of the cntical im- 
portance of this phase of operations In general, heart rots are reduced 
by a preliminary light sanitation cut, which permits a rapid removal of 
defective trees, it having been sho\vn that even when sporophores are 
formed on felled trees they are less dangerous than when the hosts 
remain standing Ad/ustment of cutting age, special salvage cuts in fire 
or storm damaged stands, protection against fire and wounding, clear 
cuttmg where othenvise practicable, and, in species with an age decay 
relationship logging practices designed to miniiruze risk and to harvest 
the crop before heavy losses occur — each of these contributes to the 
eventual quality and quantity of the final product Handling methods 
that permit treatment before infections become deep seated are a useful 
adjunct to chemical control of fungi in air seasoned lumber Storage in 
ivater proves effective, provided the entire log is kept wet, although 
prolonged immersion may remove certain vater soluble toxic exlractnes 
and increase susceptibility to fungus pathogens Contributor)’ measures 
are quick utilization of logs, minimum delay between milling and 
chemical treatment, reduction of bulk-pihng periods to a minimum, and 
good air drying conditions— all of which become more important as the 
proportion of sapwood in the timber increases 

5 Storage Matiagcmcnt and Market Pathologtj 

Fully adequate coxcrage of poslliaracst patholog\' is not possible 
withm the space limitations of this discussion It Jias alu.a>s Ixrn 
(more’s the pitv) a study apart from the bo<K of plant palholog), hut 
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is particularly pertinent to a trcalment of ciilliiral control methods. 
Shippers and dealers arc understandably reluctant to apply chemicals 
in appreciable quantities to a commodity that will soon be consumed — 
the very produce whose perishability poses troublesome market pathol- 
ogy problems. Thus deprived of one convenient approach to control, the 
pathologist, shipper, middleman, and retail mcrcliant turn to cultural 
techniques. 

General summaries of market pathology arc available in varying 
detail in Stevens and Stevens (1952, Chapter 19), Stakman and Harrar 
(1957), Bratley and Wiant (1950), and Pentzer and Ilcinzc (1954). 
Discussing transit losses, Stevens and Stevens (1952, p. 190) summarize 
Bratley and Wiant as follows: “In this paper is presented for the first 
time a summary of the losses as they occurred in a true random sample 
of all rail shipments of various commodities unloaded in a great terminal 
market. This was made possible by an agreement between a group of 
produce dealers in New York City and the U.S.D.A. whereby all car 
lots of produce received by members were inspected on arrival by 
a federal inspector. Of those commodities that were included in the 
study, 14 were fruits, and 31 were vegetables. 

“The average decay per carload ranges from 06% in a few cars of 
nectarines to 29% in over 3,000 carloads of apples. Among the vege- 
tables, the lowest average per cent of decay is for green corn, 0 1% of the 
relatively few cars inspected to well over 11% average decay in endives 
and lettuce Perhaps only those who have actually worked in terminal 
markets will appreciate either the high accuracy of the certificates used 
in the study or the very large amount of work involved in this prepara- 
tion. The writer’s conclusion that on the basis of the figures given, 
decay of these forty-five commodities during rail transit to New York 
City totalled nearly 3,000 carloads annually' cannot fail to arrest the 
attention of anyone who is seriously interested in the national food 
supply.” 

This same report (Bratley and Wiant. 1950) lists blue mold, gray 
mold, nhizopus, and bacterial soft rots as leading the transit and mar- 
keting phase, brown rot and apple scab as representative of pathogenic 
troubles originating prior to harvest but continuing into postharvest 
situations; blossom end rot of tomatoes, bitter rot of apples, and scald 
as major nonpathogenic problems; and bruising, freezing, and heating 
as the most common environmental injuries. Stakman and Harrar (1957) 
r^iice nonpathogenic diseases to three classes: (1) suboxidation- 
black heart of potatoes, brown heart of apples, internal brooming of 
citrus; (w) accumulation of aromatic esters; and (3) unfavorable tem- 
perature and humidity. Tliey consider two categories of pathogenic 



10 CULTURAL Pn\CnCES 


IN DISEASE COVTROL 


387 


storage diseases (1) those attaching dry, bulk materials (chiefly stored 
grains), and (2) those affecting succulent fruits and vegetables 

Pentzer and Hemze (1954) in their review of postharvest physiology 
of fruits and vegetables first remind us that some maladies such as 
water core and cork spot of apples, are really not true postharvest 
troubles, and then set up three categories (I) functional diseases related 
to volatile emanations, lack of oxygen, etc —the most publicized of these, 
apple scald, once thought to be caused by ethylene, can be prevented 
or minimized by allowing fruit to become riper or by accelerating re 
moval of volatile substances with oiled wraps, air movement intermit 
tent warming, etc, (2) chilling injury, and (3) problems arising out 
of the use of growth substances These last named materials are used 
in a rapi6]y increasing variety of ways to mamtiin the ‘buttons’ of 
pmeapples longer m a green condition, thus reducing Alternana rot, 
to control fruit drop or hasten maturity of orchard fruits which may 
affect storage, to prevent abscission and conserve color and moisture in 
snap beans, and to mcrease rate of ripening m banana with subsequent 
accelerated spoilage In a related situation increased use of sprout 
inhibitors in storage bins, which delays subenzation of cut surfaces and 
formation of wound cork seems to aggravate dry rot of potatoes 

Control of market and storage diseases involves a large and diverse 
list of measures Modified atmospheres of several types are used sulfur 
dioxide, nitrogen trichloride, ozone, ethylene oxide, and methyl bromide, 
in a variety of techniques Nonvolatile substances, oiled wraps, copper 
impregnated materials, etc , prove useful in certain instances Probably 
the most widely adopted of all preventive measures is temperature con 
trol, ranging from precoohng to transit refrigeration and cold storage 
Optimum temperatures for different commodifies vary, and it is neces 
sary to establish specific conditions for each group of fruits and vege 
tables In the special area of stored grams damage is minimized by the 
use of fungicides, by storage under toxic or inert gases such as CO 2 , 
and — most of all — by drying to the point where no portion of the mass 
IS moist enough to support the growth of fungi (Christensen, 1957) 

Special methods are introduced from time to time with limited sue 
cess Radiations of various types— ultraviolet, high energy electrons, 
gamma radiations, ultrasound— have been tned (Aforgnn, 1948, Im 
shenetskii and Nazarova, 1937, Metlitskii and Soboleva, 1936) In the 
case of perishable foods, the major objective is the economy of storing 
and transport without refrigeration As >et these techniques have not 
been approved by federal agencies for treatment of edible items 
The expedient but otherwise unfortunate schism between plant 
pathology and economic entomolog> extends mfo commerce and the 
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market place. But the problems arc much the same, as evidenced by 
Parkin’s review (1956) of several years ago, and the gap between 
knowledge and practice is just as great. He bemoans the fact that 
application of knowledge lags sadly behind the scientific advances of 
“stored product entomology” in all but the most highly developed coun- 
tries, and in plant pathology we find instances where the crudest sort 
of conditions lead to postharvest damage. In Greece, for example, 
because apples are simply piled in the orchards for some time after 
picking, sunburn becomes a significant problem (Krochmal, 1956). 

Market pathology introduces basic problems in the physiology of 
mature tissues (Smock, 1944). Studies of respiration in deciduous fruits 
show marked fluctuations which can be related to maturity at time of 
picking, temperature, size, presence of mechanical injuries, and com- 
position of the atmosphere in the storage chamber. Intentional adjust- 
ment of the gas content of the atmosphere, by introducing COj, oxygen, 
ozone, or nitrogen, is undertaken with the avowed purpose of favorably 
affecting the rate of respiration and other metabolic activities in stored 
produce (Miller, 1946, Bratley and Wiant, 1950; Schomcr and McCol- 
loch, 1948). Transpiration rate, also, significantly affects the quality of 
produce, and depends on maturity at picking, size, vapor pressure 
deficit, air movement, and wax coatings— if any (Smock, 1944). 

B. Genetic Resistance 

Without exception, practices included in the immediately preceding 
discussion of cultural” control, in the restricted sense, result in no 
fundamental change in the host plant nor are they effective for suc- 
ceeding generations. As we have indicated, they are mainly physical 
alterations — sometimes complete removal or destruction — of the indi- 
viduals of the host population or, not infrequently, measures subsidiary 
to routine agricultural practices. 

The use of disease- and pest-resistant (Snelling, 1941) crop varieties 
on the contrary, takes advantage of genetically based, permanent changes 
in the host individuals. Chapter 14 of this volume is devoted to the 
problems of the plant breeder and the genetics of disease resistance. 
It would be inappropriate to dwell further on this subject here. 

It will be recalled, further, that in the first three sections of this 
chapter considerable emphasis was put upon the relative popularity 
and advantages of cultural control on the one hand as opposed to use 
of chemicals and resistant varieties on the other. We seem now, by 
including resistant varieties as but one of a host of cultural control 
measures, to be contradicting ourselves. As a matter of fact, the selec- 
tion and use of disease-resistant crop varieties is just another weapon 
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available to (he grower from a very large and diverse arsenal. But be- 
cause it is so exceedingly popular, because it is so nearly independent 
of other measures and so often employed alone — without the support 
of any other cultural control, and because research and development 
in this direction require considerable special information and training, 
genetic resistance has come to deserve consideration as a topic in itself. 

Exploitation of disease resistance in the great majority of instances 
involves little more than a choice of established resistant varieties, either 
as seed or propagating material. It need not always be thus simple and 
direct, and some interesting complications arise from time to time. 

“In the past greater attention has been given to breeding for dis- 
ease resistance among field crops than among those usually considered 
horticultural. This difference is concretely shown by the publications 
of comparable societies in the U S. A. There are several fairly obvious 
reasons for this difference. Cereal crops are almost entirely annuals; 
many of the fruits are perennial. Moreover, among cereals the per acre 
returns are usually not sufficient to permit any known form of disease 
control other than modified culture, seed treatment, or breeding On the 
other hand it is among the fruits that disease control by spraying has 
been most generally economically practicable. Vegetable crops occupy 
an intermediate position” (Stevens and Stevens, 2952, p ISO). 

The basis for resistance, whether medianicaj or chem>cal, may have 
in any particular instance been identified, but is often obscure. It may 
be direct, in the sense that the host resists in some way or ways the 
establishment or spread of the pathogen, it may be indirect, as when 
the host is repellent to an insect vector (Walker, 1941). It may be 
highly specific, as in the hypersensitive reaction so welcome to the plant 
breeder, it may be relatively nonspecific, resulting in an ill-defined but 
often very desirable “field” resistance. Field resistance of potatoes to late 
blight in Mexico, for example, limits blight in years when \veathcr is 
only moderately favorable, and makes for easier fungicidal control (Eide, 
1955). These less specific types of resistance are effective against a 
broader range of pathogenic races than is resistance based pn hyper- 
sensitivity. 

In the special case of woody perennials we find situations wherein 
useful resistance need not involve the entire individual. To nematode- 
resistant peach understocks, for example, any number of named varieties 
may safely be budded (Groves. 195S). A more complex situation involves 
“double-working” or multiple grafts, a technique which has been adopted 
in sexeral cases, most spectacularly’ in combating tlic South American 
loaf blight of Hevea rubber, nliidi was earlier rcsjwjsihle for tJie 
destruction of the industry on that continent As finally dex eloped, a 
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high latex-yielding variety is first grafted to a selected rootstock, and, 
to it, somcwliat later, a blight resistant clone which develops into the 
leafy crown. The resulting tree has roots of one genetic make-up, a 
trunk selected for productivity, and a top having genetic resistance to 
the blight pathogen. 

There is considerable literature dealing, directly or indirectly, with 
the complications arising from the introduction of disease-resistant 
varieties, among these a brief treatment by N. E. Stevens (1942). Stak- 
man and Harrar (1957, p. 30) point to an instance of the often contra- 
dictory results of attempts to use resistant varieties wherein tristeza or 
quick decline of citrus has wrought havoc on trees budded to sour 
orange stocks, but is relatively harmless to those on sweet orange stocks. 
This has reversed the shift from sweet orange to sour orange stocks 
which had stemmed from the susceptibility of the former to fungi. “The 
choice had to be made between two evils, and these evils have been 
very disruptive of an important agricultural industry and have been a 
heavy tax on producer and consumer alike." 

C. Physiologic Changes 

A third and final category of intrinsic measures includes those where 
the conspicuous effect on the host is not anatomical, does not include 
removal or destruction, and has no relation to the genetic make-up of 
the plant, but is chiefly a temporary alteration in some functional or 
physiological property of the host. Other than this general resemblance 
there is no convenient uniformity about the measures included here, 
and all too often their mechanism of action is unknown. Generally, they 
involve an alteration in the environment with a view to increasing the 
disease resistance of the host, reducing its vulnerability to disease estab- 
lishment, or ridding it of associated pathogens. 

1. Nutritional and Related Soil Amendments 

Conventional soil treatment, wherein the primary objective is to 
reduce inoculum, is discussed in Section VI; at this point we are con- 
cerned with those measures whose most significant effects are, or seem 
to be, upon the host plant. 

The January, 1946, issue of "Soil Science” was entirely devoted to 
soil-plant disease relationships, a series of eleven commendable papers 
which, although now more than a decade old, are very well worth 
careful study. Those by Sanford on soil-borne diseases in relation to 
the microflora associated wiUi various crops and soil amendments, by 
Walker on soil management and plant nutrition in relation to disease 
development, and by Daines on control of plant diseases by use of 
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inorganic soil amendments are especially germane Additional thoughtful 
comment has been contributed by Hart (1949), who reminds us that, 
exceptionally, nutrients exert their effect directly on the pathogen and 
influence its growth and multiphcalion within the host plant— witness 
the relation of nitrogen in tradieal sap to the growth of the corn wilt 
bacterium, Phtjiomonas stcioartt 

A few generalizations may be hazarded (1) that the influence of 
nutrients and other sod amendments is usually through their effect on 
the host plant, (2) that secondary soil factors governing availability of 
nutrient elements are at times as important as total nutrient content, 
(3) that imbalance, as well as the absolute amounts of each element, 
must be taken into consideration, (4) that the form m which a substance 


is applied (eg, as ammonia nitrogen versus nitrate nitrogen) affects 
the final outcome, (5) that the type of disease under consideration the 
weather, and other environmental factors are importantly significant, 
and (6) last but not least, that the results of laboratory research can 
by no means always be transferred to field conditions 

Most wnters (for example, Wmgard, 1941, Stakman and Harrar, 
1957, Coons 1953) agree that by and large, high levels of nitrogen 
predispose toward disease, whereas increases in potassium and phos 
phorus, particularly the former render plants more resistant They are 
equally in agreement that there are many exceptions to the rule Sclerch 
ttum rotfsn rot of sugar heet, for ex-amp/e, has been marked}y reduced 
by applications of nitrogenous fertilizers (Cooley, 1946, Berkeley, 1944) 
Stakman and Harrar deal effectively with the whole problem and dis 
tmguish between the situation as it affects diseases caused by facultative 
saprophytes, which show the relationship just noted, and those caused 
by obligate parasites where vegetative vigor of the host is generally 
favorable for disease development However, extensive expenments 


With cereal rusts lead to the cautious conclusions that ‘fertilizers had 
relatively httle effect on stem rust except as they affected density of 
stand and consequent moisture retention lodging and its direct and 
indirect effects, and rapidity of npeamg, either premature or dehyed, 
depending on temperature and moisture conditions There are other 
data that indicate strongly that enwonmental £actors such as moisture 
and temperature affect rust development in the field far more than any 
direct predisposing or profeefave effects of nutrients The per 

centages of leaf rust Pticctnta rubtgo vera var intict, were affected 
somewhat more by fertihzcrs than was stem rust, but the differences ere 
mostly in degree rather than in kind' a , t , 

Fertilizers in relation to smut control arc discussed bv Taplc in a 
review put out in 1948 Bunt is increased by potassium and phosphoric 
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acid, reduced by nitrogen, increased by potassium chloride in two very 
different soils, reduced by calcium cyanamide St.alk smut of rye is 
decreased by solutions high in potassium and phosphorus and low m 
calcium nitrate and magnesium sulfate, the reverse situation tends to 
increase damage 

The influence of soil reaction on plant disease is widely recognized 
In some mstances its effect is known to be primarily upon the pathogen 
and inoculum, at other times it may act indirectly as it affects nutrient 
availability, in still other cases the mechanism is a combination of effects 
or IS unknown Berkeley’s review (1944) of root rots in noncereal crops 
recognizes not only that soil reaction is important in disease incidence, 
but that it IS related to the temperature range at which infection takes 
place According to him, soil reaction is related to the accumulation of 
certain toxic substances that may be absorbed by the plant As a result 
of this, it becomes more susceptible to attack, a correlation which has 
been demonstrated between absorption of aluminum and root rot of 
corn and sugar cane 

In all likelihood, the benefits derived from incorporation of organic 
manures far more often results from a biological interference with the 
pathogen (see Chapter 13) than from any physiological effect on the 
host population 

It IS only fair to mclude, in a consideration of nutritional relations 
and fertilizer apphcations, a reminder that there are not only formula- 
tions newly available for soil amendment (eg, liquid ammonia) but 
new techniques, particularly foliar feeding, the disease control imphca 
tions of which have not yet been fully mvestigated 

2 Heat Therapy 

N E Stevens, two decades ago (1938a), summarized a number of 
instances of heat treatments of seeds and other plant parts for control 
of fungi, nematodes, and virus diseases In this review he pomted out 
that heat (usually hot water or steam) has been used for many years 
against pathogens m seeds and bulbs An ingenious modification of this 
has been employed m India, where seed gram is exposed either to the 
sun m a blackened iron vessel filled with water or, after being moistened, 
directly to the sun Similar results were obtained in Nigeria m attempts 
to free cotton seed from the bacterial wilt organism Hot water has been 
used successfully against nematodes infesting strawberry, chrysanthe 
mum, violet, and begonia, and against the mycelium of rnint rust and 
brown rot of tomato fruits Fmally, great interest has been developed 
over the possibilities of inactivating the viruses of potato, sugar cane, 
stone fruits, and the like 

More recently. Tischer and Holton (1957) on the subject of heat 
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Ircalmcnt of seeds for smtits insist that increases of 65-70% in the water 
content of tlie embrj o are essential to effective action against doiroant 
smut When soahed seed is held under anaerobic conditions (see Section 
VI, A, 1), smut IS eliminated On the amount of water absorbed may 
depend the temperature necessary to destroy the smut mycelium 

Virus disease^, of course, still occupy the forefront among those 
diseases against ^\hlch heat therapy is regularly employed Kassanis 
(1957) has furnished us with a recent summary of the effects of chang- 
ing temperature on plant virus diseases, on susceptibility to infection, 
incubation period, symptoms, and virus multiplication He contends that 
heat IS the onlv therapeutic treatment known which has proved con- 
sistently effective in freeing plants from many different viruses — an 
attribute particularly essential when the entire stock of some valuable 
clonal line is virus-mfecled Among the better established uses of heat 
therapy is the preparation of planting stock of sugar cane threatened 
with such diseases as sereh, chlorotic streak, or Ratoon stunt In Queens 
land, Australia, a steam-heating apparatus has been developed employ 
ing tanks capable of handling 3 tons at a time, or 12 tons m an 8 hour 
shift Using these, one establishment can prepare enough healthy stock 
to plant an area yielding 10,000 tons of clean “seed’ for the ensuing 
season (King, 1953) Wire baskets, uhioh cool more rapidly than bags, 
seem to enhance germmation and to be generally preferable 

In special situations normal atmospheric temperatures have been 
sufficient to inactivate viruses within host tissues Peach yellows m the 
southern United States and potato leaf roll in India (until such tune as 
the crop came to be raised from tubers in cold storage) apparently belong 
m this category (Kassanis 1957) It wi/1 be apparent, too, that foliage 
pathogens are subjected to leaf temperatures which reach maxima well 
above that of the surrounding air 

Much of the importance of heat therapy, it will have become obvious, 
derives from its ccntnbution to production of disease free seed and 
propagation stock Rather than divorce this from other means of achiev 
mg the same end, it is treated in Section VI, A, 1, to which the reader is 
referred 

3 Other Physiologic Measures 

Vernalization has been shown to affect smut incidence, although not 
always m the same direction Gaumann (1950, p 383) points to disease 
reduction folloivmg vernalization, possibly because the growth of the 
seedhngs is accelerated and outdistances the infection Aberg (1945) 
in experiments with barley stripe found that vernalization for 38 days 
favored development of the disease 

There has been some different of opinion, too, over Chester’s sug- 
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gestion that disease Can be reduced if acid delmtcd cotton seeds are 
separated into light and heavy fractions on the basis of thefr specific 
gravity in water Arndt (1945) feels that the improvement observed 
depends upon the characteristics of each lot of seeds and that the general 
applicability of the procedure is questionable 

In the highly specialized area of medical mycology, where man is the 
host, dermatophytes are commonly treated with a fungicide plus a 
keratolytic agent to induce peeling of the infected skin layers Deeper 
mycoses require surgical drainage, X ray therapy, medication with 
potassium iodide, desensitization, and improvement of the general con 
dition of the patient (Emmons, 1940) 

Careful consideration of the various current uses of chemicals in the 
control of plant growth will uncover several possible and probable 
applications to disease control Avery and Thompson (1947) list the 
following rooting of cuttings, blossom thinning of fruits, control of pre 
harvest drop, manipulation of fruit set, and production of seedless 
fruits an antidote to the effect of fungicides in seed treatment, regula 
tion of time of flowering and of fruit ripening, in weed control, and in 
breaking or prolongation of dormancy 

Whether or not practical advantage can be taken of cross protection 
reactions in plant viruses in much the same way as immunization m 
human pathology is debatable The phenomenon of cross protection 
itself is well established even m viruses of the insect transmitted 
group (Kunkel, 1955) Suggestions along this line appear from time to 
time m the literature Gaumann (1950, p 350) notes that in potato an 
apathogenic form of the X virus will be transmitted to progeny and will 
exclude more virulent forms, but that resistance to frost may be lowered 
and that the virus may mutate to a more severe form or that another 
group of viruses e g , Y and leaf roll, may be worse Stout (1950) sug 
gests that a mild form of the peach mosaic virus from normal appearing 
shoots protects against the severe form of the virus found m the re 
mamder of the tree Stakanan and Harrar (1957, p 367) feel that the 
most effective control of tristeza will be obtained by using virus free 
scions on tolerant rootstocks, although they recognize the suggestion that 
susceptible hosts might be inoculated with mild strains of the pathogen 

On the basis of preliminary experiments a few years ago, m which 
TMV virus was subjected to ultrasound, Newton (1951) makes the 
interesting suggestion that we thus have available an exclusively physical 
method for reducing the virulence of plant viruses without affecting 
their antigenic properties, with obvious implications for the preparation 
of virus vaccines 

rimlly, N E Stevens (1938n) and Stevens and Nienow (1947) cito 
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several unique methods of disease control that might furly be termed 
physiologic 

1 Freeing of tomato seed from the organism causmg bacterial canker 
by submitting the fruit pulp to fermentation for from 3 to 6 days at 
approximately room temperature 

2 Prevention of heat injury to forest tree seedlings by mclmmg the 
trees slightly toward the south at time of transplanting reduction in 
smothermg by sowing black soil on the snow over seedling plots to 
hasten snow melting m the spring 

3 Prevention of leaf drop in cranberries, resulting from lack of 
oxygen, by withdrawing the water from the frozen bogs in winter and 
allowmg the sheet of ice to rest directly on the vines or by freezing the 
vmos into the ice itself 

4 Restoration of trees girdled by Phytophfhora rot by banking soil 
about the base and stimulating the formation of new roots 

5 Injection of chemicals into host plants — chemotherapy 

V Extrinsic Measures Indirectly Affecting the Individuals 
Comprising the Host Population 

Primary attention m the foregoing section (Section IV) centered upon 
those measures wherein some actual change m the host plant was 
achieved, ranging from its complete removal or destruction, through 
physical, physiological, and genetic alteration In the discussion to 
follow, so far as possible, emphasis will be placed upon practices which 
elicit their effect without producing any immediate change in the m 
dividuals of the host popuLation Tliese are instances in which the host 
population continues to occupy the center of interest, but without there 
bemg any attempt, either permanently or temporarily, to alter it 

A Practices Involving Number of Host Plants 

Stevens and Nienow (1947) contend that although overplanting as 
a means of obtaming a crop despite seedling diseases is probably of 
common occurrence, it seems only rarely to be spelled out in technic il 
literature It was resorted to in an effort to obtam satisfactory stands of 
sweet com m New York and New England during the outbreaks of 
bacterial wilt m 1932 and 1933 Pool, somewhat earlier, Ind called 
attention to a similar means of reducing losses from rusanurn stem rot 
of sweet potatoes in New Jersey, and m the Carolmas it has been the 
custom ever since the first outbreak of blue mold, to increase the size 
of seedling beds to double the size formerly used 

Recommendations on seeding rales arc often made with reference to 
cereal diseases, usually as part of general instniotions including rate. 
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timing, and depth. Severity of root rots in wheat seems often to incre,ise 
with inereases in seeding rate (Greaney, 1946), as does bunt or stinking 
smut (Tapke, 1948), whereas both very wide or very close plantings, 
particularly the former, should be avoided if leaf mst is to be kept at a 
minimum (Chester, 1946). 

Gaumann (1950, p. 256) demonstrates that dense stands of rye, with 
consequent limited tillering, tend to flower simultaneously and thus 
suffer less secondary infection from “honeydew” conidia of the ergot 
fungus, while more widely spaced plants lead to increased infection. 
Chester (1947, p. 477) comments in regard to rate of seeding that fungus 
diseases favored by high humidity are most destructive under excessive 
rates of seeding (cereal rusts, powdery mildew, damping-off) but that 
heavy seedling loss from disease of crops such as cotton may be compen- 
sated for by increased seeding rates. 

B. Practices Involving Position of Host Plants 
1. Placement 

Important effects upon disease may result from the proximity of host 
plants to each other. The microclimate, rather than the over-all meteor- 
ological conditions, most influences the rapidity with which many kinds 
of diseases develop. By microclimate is meant the conditions of moisture, 
temperature, and air movement of the atmosphere in the immediate 
vicinity of the host plants. Close spacing, however arrived at, tends to 
raise the atmospheric humidity, encourage sporulation of pathogenic 
fungi, and reduce air circulation (Gaumann, 1950, p. 482). Growth 
habit, whether luxurious and dense or sparse, contributes to or reduces 
the effect of spacing on microclimate. Thus, in France, the Early Rose 
variety of potatoes is as susceptible to late blight as Saucisse, but less 
receptive, since its aerial parts are not luxurious enough to provide 
favorable microclimate (Foister, 1946). And the so-called pink disease 
of rubber, caused by Corticium sdlmonicolor, which may be serious in 
wet seasons, can be reduced by providing for air circulation, drainage, 
and access of sunlight, and by proper location and soacinc of trees 
(Hubert, 1957). 

Placement as related to disease includes tlie selection of planting 
site. Always, albeit sometimes without conscious effort, the grower 
chooses a planting site with attention to the general welfare of the 
projected CTop. Usually this concern includes matters of disease hazard. 
In Chester’s (1946) monograph on cereal rusts we find these rccom- 
mondnlions gben on choice of planting site well-drained, somewhat 
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exposed upland, elimination of volunteer grain by tillage; separation of 
fields of winter and spring varieties or location of spring wheats to 
windward. 

In its extreme form, “placement” control need be no more elaborate 
than a very local adjustment in farming practice. Good results in control 
of sugar beet damping-off have been obtained by growing the plants 
on ridges with furrows on either side, thus facilitating soil drainage in 
the immediate vicinity (Berkeley, 1944). According to Dobromyslov 
(1932) nonridged plantings are more favorable to bunt in the early 
stages than are ridged furrows. 

2. Dispersal 

It is unquestionably true that as man developed an agriculture and as 
that agriculture became more and more specialized, there has been an 
increasing tendency to concentrate large numbers of host individuals 
in contiguous plantings. It is likewise unquestionably true that disease 
hazards are thereby increased. 

“The greatest need for plant disease control is in connection with 
those crops that are artificially cultivated. When several hundred human 
beings dwell within a single square mile, the area is said to be crowded, 
and great care is taken to prevent the development of serious public 
health problems. In comparison, one acre of wheat may contain approxi- 
mately a mf/lion indivfduai plants, all more nearly identical than in- 
dividuals in any group of human beings, and the plant pathologist is 
concerned with the fact that the crowding together offers optimum 
conditions for the development of epidemic diseases. This crowding is a 
deliberate modem agronomic technique designed to promote maximum 
agricultural production through the use of improved varieties and soil 
management, but it provides highly favorable conditions for the dev- 
astating attacks of plant pathogens. Tims, agriculture takes the form 
of plant urbanization in whicli tremendous populations are abnormally 
concentrated in a relatively small area, and in a sense each cultivated 
field becomes a gigantic culture medium for pathogens. Ever>' successful 
effort to improve yield by adding to the cany’ing capacity of the soil 
intensifies disease problems whieJj must be met if agriculture is to 
progress” (Stakman and Ilarrar, 1957, pp. 3-4). 

In view of these trends in modem agriculture, one finds ver)' little 
if any material in the literature recommending dispersal as a mc.ms of 
disease control. Vet within the Ver>’ severe practical and economic 
limitation imposed, it is an obviously desirable move, to lx; talcn 
advantage of \%hencver possible, and stands as one of the fmv com- 
pensating features of primitive agriculture. 
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suffer less secondary infection from "honeydew” conidia of the ergot 
fungus, while more widely spaced plants lead to increased infection. 
Chester (1947, p. 477) comments in regard to rate of seeding that fungus 
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rates of seeding (cereal rusts, powdery mildew, damping-off) but that 
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Important effects upon disease may result from the proximity of host 
plants to each other. The microclimate, rather than the over-all meteor- 
ological conditions, most influences the rapidity with which many kinds 
of diseases develop. By microclimate is meant the conditions of moisture, 
temperature, and air movement of the atmosphere in the immediate 
vicinity of the host plants. Close spacing, however arrived at, tends to 
raise the atmospheric humidity, encourage sporulation of pathogenic 
fungi, and reduce air circulation (Gaumann, 1950, p. 482). Growth 
habit, whether luxurious and dense or sparse, contributes to or reduces 
the effect of spacing on microclimate. Thus, in France, the Early Rose 
variety of potatoes is as susceptible to late blight as Saucisse, but less 
receptive, since its aerial parts are not luxurious enough to provide 
favorable microclimate (Foister, 1946), And the so-called pink disease 
of rubber, caused by Corticium salmonicolov, which may be serious in 
wet seasons, can be reduced by providing for air circulation, drainage, 
and access of sunlight, and by proper location and spacing of trees 
(Hubert, 1957). 

Placement as related to disease includes the selection of planting 
site. Always, albeit sometimes without conscious effort, the grower 
chooses a planting site with attention to the general welfare of tli® 
projected crop. Usually this concern includes matters of disease hazard- 
In Chesters (1946) monograph on c»real rusts we find these recom- 
mendations gUen on choice of planting site* well-drained, somewhat 
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exposed upland, elimination of volunteer gram by tillage, separation of 
fields of wmter and spring vaneties or location of spring wheats to 
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In its extreme form, “placement” control need be no more elaborate 
than a very local adjustment m farming practice Good results in control 
of sugar beet damping-off have been obtained by growing the plants 
on ridges with furrows on either side, thus facihtatmg soil drainage in 
the immediate vicinity (Berkeley, 1944) According to Dobromyslov 
(1932) nonridged plantings are more favorable to bunt in the early 
stages than are ridged furrows 

2 Dispersal 

It IS unquestionably true that as man developed an agriculture and as 
that agriculture became more and more specialized, there has been an 
increasmg tendency to concentrate large numbers of host individuals 
m contiguous plantings It is likewise unquestionably true that disease 
hazards are thereby increased 

‘The greatest need for plant disease control is w connection with 
those crops that are artificially cultivated When several hundred human 
bemgs dwell withm a smgle square mile, the area is said to be crowded 
and great care is taken to prevent the development of serious public 
health problems In comparison, one acre of wheat may contain approxi- 
mately a million mdividual plants, all more nearly identical than in- 
dividuals m any group of human beings, and the plant pathologist is 
concerned with the fact that the crowding together offers optimum 
conditions for the development of epidemic diseases This crowding is a 
deliberate modern agronomic technique designed to promote maximum 
agricultural production through the use of tmpro\cd varieties and soil 
management, but it provides liigbly favorable conditions for the dev- 
astating attacks of plant pathogens Tims, agriculture takes the form 
of plant urbanization in which tremendous populations arc abnormally 
concentrated in a relatively small area, and in a sense each cultivated 
field becomes a gigantic culture medium for pithogens Ever} successful 
effort to improve }ield b) adding to the canning capacity of the soil 
intensifies disease problems which must I>c met if agriculture is to 
progress” (Stakraan and Harrar, 1957, pp 3-4). 

In view of those trends in modem agnculturc, one finds vcr> htf/e 
if any material in tlie literature recommending dispersal as a means of 
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advantage of whenever possible, and stands as one of the few com- 
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3. rhijsical Barriers 

Quite naturally, Smith ct al (1933) in their outstanding examination 
of the basis for quarantines deal with the role of physical barriers to t ic 
spread of disease. True, barriers act primarily to interrupt the movement 
of inoculum, but because they often directly affect the choice of planting 
site or otherwise impinge on the host plant, they will be dealt with here. 
Barriers, according to the committee, may be topographic (high moun- 
tains, large bodies of water, deserts), biological (absence of host plants 
or vectors, territory occupied by competitors), or climatic (meteor- 
ologically unsuitable areas). Absolute barriers can be traversed only 
through the agency of man. As evidence of the effectiveness of natural 
barriers, they cite only one disease of importance to California, asparagus 
rust, which appears to have entered the state by natural means. 

On a much smaller scale, trenching has been used to stop the advance 
of soil fungi. It is apparently the only known method for controlling 
the fairy ring caused by Psilocijhe agrariella vaccinnii in cranberry bogs 
(N. E. Stevens, 1938a). Trenching was also recommended for control 
of Armillaria and Rosellinia (Berkeley, 1944). Colton root rot has been 
confined not only with trenches but with artificial barriers such as 
galvanized iron and by mixing into the soil various substances such as 
oil, sulfur, acid, copper sulfate, etc. At least one effect of the addition 
of sulfur is to lower the pH very sharply m the 4-6 inch barrier of 
treated soil. Kuijt (1955) refers to a 60 ft. mistletoe-free zone sur- 
rounding stands infested with this parasite, and Hunt (1946) cites 
marked reduction in incidence of pupation disease of oats in Russia by 
providing barriers 2 meters high between sown fields and weed-grown 
fence rows. 

4. Geographic Location 

Many important cultivated plants have a more extensive geographic 
range than their pathogens. Stakman and Harrar (1957, p. 431) suggest 
several instances wherein it is possible to grow crops in areas free of 
their principal pathogens; e.g., the production of coffee in the Western 
Hemisphere, where coffee rust does not occur; and of rubber in Southeast 
Asia, which is free of the South American leaf blight. They add that, 
occasionally, disease can be avoided by planting out of season; in Mexico, 
both potatoes and wheat are commonly grown during the dry season 
under irrigation to avoid destructive attacks from late blight and rust, 
respectively. 

authors summarize (Stakman and Harrar, 1957, pp- 301- 
305 and 313-314) the effects of temperature and moisture on the geo- 
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graphic incidence of disease, pointing out that temperature is often the 
limitmg factor in seasonal and regional incidence and that latitude and 
elevation can be very important in determinmg temperature extremes 
Diseases commonly associated with cooler northern climates will thus 
be found during the winter season m more southerly latitudes or at 
higher altitudes durmg the high temperatures of the tropical summer 
Pathogens vary with regard to their optimum temperature ranges, and 
this must be taken into account m developing effective cultural control 


measures 

Seasonal and geographic distribution of disease is alike conditioned 
by moisture — particularly distribution of rainfall during the year — and 
the frequency and intensity of fogs and dews The practice of producing 
disease free seed m and regions (see also Section VI, A, 1) takes ad- 
vantage of the moisture dependency of the pathogen 

Baker and Snyder (1950) list a number of diseases which normally 
cause serious loss in regions of high rainfall but are generally absent 
from California bean anthracnose, bean bacterial blight, black rot of 
cabbage and cauliflower, Septona leaf spot of tomato anthracnose of 
watermelon, angular leaf spot, and scab of cucumber Tapke (1948) 
believes that the floral infeohon smuts are usually scarce in sections of 
the country where humidity of the au- is low at flowering time, in 
California, for example, damage is too slight to be of economic im 
portance because the dry season is near at hand when cereals are 
heading Yarwood (1957), discussmg powdery mildews, on the other 
hand attributes the absence of Sphaerotheca from hops on the west 
coast’ of the United States and Canada, as compared to the eastern 
United States and Europe, and of Oidmm from rubber in the Americas, 
as compared to Malaya and Central Africa, to the fact that they have not 
been introduced rather than to any basic mcompatibihty of environment 

and pathogen^rm^j about the geographic range of host and pathogen 
does not constitute per sc a control measure The foregoing discussion is 
intended of course, to focus attention on the possibility of employing 
this kind of data m trying to select, most wisely, optimum areas for a 
given crop or the most promising crops for a given area, as the case may 
be N E Stevens (1938b) has made jqicc.Bc recommendation to this 
end m suggesting the preparation of 'disease harard maps based on 
mformatiorsomc of which is already m the hands of the professional 
natMogist and entomologist He bolsters this argument by pointing ,o 
^number of instances where agrieoltuml enterprises have been under- 
taken in ignoranec of disease and pest Uimats only to f.ul entirely or to 
proMde onT> serv meager returns for the imestmcnt of time and energs 
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He argues that the preparation, or at least an effort to begin the 
preparation, of maps of regions considered extra hazardous because of 
unusual risks from crop pests is well within our scientific capabilities, 
provided we are wilhng to attempt it. Wood and (1949) add 

strength to the argument favoring some such effort in reporting a 
questionnaire which they sent out several years ago (as a follow-up of 
a much earlier one distributed by N. E. Stevens) to collect data on the 
effects of disease losses on crop industries and farm life. Of greatest 
interest are those cases where disease has forced the abandonment of 
what otherwise appeared to be promising enterprises. 

Geographic location, in a very much more limited sense, is employed 
whenever plantings are isolated for the express purpose of disease 
control. Such a technique as this is most promising for diseases caused 
by pathogens that do not give off aerial spores, and is not often employed 
in connection with seedling production and seed-increase plots. Because 
the total area thus isolated is relatively modesty it becomes possible to 
utilize fungicides on crops where economic considerations preclude 
their use under ordinary field conditions. Thus small quantities of seed 
from wheat and barley affected with loose smut are first treated with hot 
water or by some similar technique, and this supply then increased in 
plots isolated by a few hundred yards from any commercial grain fields 
which might be a source of contamination, often under the supervision 
of selected growers. 

Crops to be set out in the field as seedlings are first sown in isolated 
beds, particularly when one or more of the common diseases is primarily 
a seedling problem The widespread practice of isolating tobacco seed 
beds as an anti-blue mold measure is a case in point. Pound (1946) pro- 
vides us with a less widely known example in his discussion of control 
for virus diseases of cabbage in the Pacific northwest. Because cabbage 
is a biennial, no crop-free period is possible, and strict sanitation becomes 
imperative. The vector, a cabbage aphid, has proved difficult to control 
and is best avoided by isolation of the plant beds, since wild cruciferous 
hosts and other weeds do not appear to be, as a general rule responsible 
for more than scattered appearances. 

C. Practices Involving Timing 
1. Noncoincidence of Hast Population and Inoculum 

The precision with which host and pathogen must synchronize and 
Uio span of time over which successful infection and establishment are 
possible vary greatly from one disease to another. More often than not, 
pathogen spores germinate only during a limited period or under given 
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environmental conditions If, in addition, the possibility of host infection 
IS limited to a particular phase of development or to certam, often 
transient, plant organs or parts, the chances of disease are greatly re- 
duced The prmciple of disease control involved here remains the same, 
it is an effort to upset this timing and to produce a crop in spite of 
the presence of pathogenic organisms and of host varieties susceptible 
to them A considerable variety of such instances are of record, some few 
of which will suffice in illustration 


It was some time ago recognized that early maturing varieties of 
crop plants will complete their growth before the threat from disease has 
materialized Varieties of cowpeas are known, for instance, which mature 
before the season for wilt and root knot development arrives, certam 
varieties of potatoes commonly mature before the appearance of late 
blight, although they succumb quickly enough if planted later in the 
season (Wingard, 1941) 

Noncomcidence stems also from topographic and climatic factors 


In India, for example, some 2,000,000 acres of gram at lower elevations 
IS annually threatened by leaf rust coming from less than 4,000 acres in 
the nearby highlands (Chester, 1946) It has been suggested that sowing 
in April and Juno be suspended and that it be delayed in areas of 
secondary foci of mfection or, more drastically, that culture be entirely 
stopped for a period of 2 or 3 years at altitudes of 3,000 ft and above 
where the pathogen survives the hot season Because of differing gov 
emmental jurisdictions and other practical considerations, this has not 
yet been tested as an actual control step In parts of Russia small patches 
of winter wheat serve as sources of infection for very much greater 
acreages of spring wheat Noncomcidence could, m this instance, be 
very readily achieved 

Without resort to earlier maturing varieties, or relying upon peculi 
anties of terrain and climate, the grower still may benefit by selecting 
the most favorable seeding lime Most reports in this area refer to 
cereal grains although Gaumann (1950, p 482) speaks of the popibilily 
of acceleratmg potato crops by sprouting the tubers prior to planting, 
and Hunt (1946) mdicates that the beet leaf hopper, key to curly top 
incidence does not thrive if beets are large enough to cast considerable 
shade and produce increased humidity before the lime rvlien insects 

abandon native needs and migrate to beet fields 

Fischer and Holton (1957) recommend that winter nlieal lie seeded 
earlv nhen temperature and moisture arc unfarorahle for gcrm.mlion of 
b?^l Spores and infection of the sccdlings-wi.h the result that die 
seedlings get bc>ond the susceptible stage before smut is acliic In- 
cidence® of infection in the Pacific nortimest is high for fields sown in the 
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Gaumann (1950) discusses at some length the problem of sus- 
ceptibility as it relates to the stage of development of the host plant in 
three classes of eases; (1) where Uie pathogen has a store of inoculum 
available only after a given time (e.g., late blight); (2) where the lios 
has a susceptible growth period for only a limited time {e.g., Rhizoctoma 
on potato), and (3) most commonly, in which the availability of patho- 
gen inoculum and susceptibility of host are both limited (e.g., stem rust). 
He examines also, with special emphasis, the ontogenetic or deve op 
mental changes in the host as they affect susceptibility and resistance, 
and spread of disease within the host plant, citing a number of speci c 
examples in documentation of the thesis. 

Papers dealing with the relationship between host age and disease 
damage are much more readily located than are specific recommendations 
for cultural control based on these established facts — much less records 
of measures actually employed in commercial agriculture. The applica- 
tion of these principles is, however, a direct one and is probably, for all 
practical purposes, frequently in operation. 

Life span refers to the length of time necessary, here restricted to 
annuals or biennials, for a crop plant to develop from seed to harvest 
Both age and life span are special aspects of noncoincidence, a topic 
dealt with more extensively in the preceding section. Life span could 
signify the length of time required to get safely past a particularly 
susceptible stage, but is more usefully thought of as the total time 
needed to “make a crop” From the viewpoint of its importance to 
disease control, consideration of life span leads, usually, to the adoption 
of early-maturing varieties (Walker, 1941) which, in one way or another, 
avoid the severest inoculum threat. Sometimes the advantage can be 
compounded by coincidentally slowing down the pathogen, as by deep 
plowing the stubble of foot-rolled cereals (Gaumann, 1950, p. 254). Care 
must be exercised whenever varieties developed and adapted for one 
geographic region are introduced into another lest differences in photo- 
period or other factors unfavorably alter the time of maturity and harvest. 

If life span can, in effect, be arbitrarily shortened by early harvest, 
without at the same time introducing new and equally troublesome 
pathogenic and agronomic problems, disease will be reduced. This 
maneuver has been instituted in the case of seed potatoes, in an attempt 
to avoid tuber invasion by viruses which have been introduced into the 
oliagc during the current growing season. Cooperative, simultaneous 
^ ear y hawesting by all growers in a contiguous area could materially 
of several virus problems (Schultz et oU 
U44). Chester has suggested early harvesting as a means of salvaging 
severely nistcd grain fields. 
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3. Longevity of Inoculum 

Just as the age and life span of the host are special aspects of non- 
coincidence of Iiost and pathogen, focusing attention on attributes of the 
host, so longevity of inoculum is a special aspect of noncoincidence 
which focuses attention on an attribute of the pathogen. Persistence of 
inoculum is so directly pertinent to a consideration of crop rotation and 
nonchcmical soil treatments that it will be referred to later from those 
points of view (see Sections V, D, 2 and VI, A, 2). For the moment we 
arc concerned with the special situation wherein host material may be 
freed from associatc<I pathogens simply by allowing sufficient time to 
elapse. 

When seed of crop plants is held beyond the customary length of 
time in order that inoculum borne therein may be eliminated or reduced, 
the grower takes advantage of the greater longevity of the host species. 
Several cases of this arc on record; perhaps the best-known instance 
relates to cotton seed invaded by the antliracnose organism (N. E. 
Stevens, 193Sa). Arndt (1946) has studied the effect of storage con- 
ditions on survival of Collctotrichum gossijpii on cotton seed, and finds 
that at moisture levels from 8 to 16% there is a reduction in the number 
of seedlings infected with each successive increase in seed moisture. 
Hardison (19-18) cites blind seed disease of perennial ryegrass as one 
that can be eliminated by aging seed 2 years. Benefits from routine 
chemical treatment arc apparently in no way reduced when seed are 
held in storage for an additional season (Miles, 1939). 

D. Practices Affecting Sequential Relationships 
As we have seen, number, position, and timing can be turned to 
aaVanfage by fiie grower wAo seels Oj ImM dfsettse fa a maiamrm. 
certain practices can be identified which emphasize the particular se- 
quence in which different crops occupy a given plot of ground. 

1. Specific Crop Sequences and Associations 

By all odds the best-k'^o^vn and most widely adopted cultural control 
based on host sequence is crop rotation. This will be taken up presently. 
Rotation deals in generalities and seeks primarily to avoid crops with 
peculiar susceptibilities by substituting any of a wide selection of other 
types; the key to the problem immediately before us is the specificity 
of the relationship. The mechanism by which the effect is achieved may 
be toxic, nutritional, biological, or as yet unknown, but to be fairly 
included here it must be a demonstrated crop-to-crop influence. 

Coons and Kotila (1935). Coons (1953), and Budiholtz (1944) 
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have published extensively on crop sequences affecting sugar beets, and 
demonstrate that damping-off is increased when the crop follows legumes, 
decreased when it follows com, soybeans, or small grains. Tins effect 
seems to be tied in with the higher nitrogen levels reached in the former 
situation and may be avoided by careful timing of the several agronomic 
steps involved Tip rot in Iowa, which is very widely distributed in tliose 
soils and winch is built up to damaging proportions through successive 
cropping to sugar beets, can be substantially reduced by a prior crop of 
alfalfa Other diseases and other primary crops might be cited in sup- 
port of the basic thesis. Chester (1947, p. 458) lists scab, wilt, and 
Rhizoctonia, troublesome to Nebraslca potatoes on virgin soils and in 
some rotations, as diseases which can be reduced to a minimum when 
alfalfa immediately precedes the principal crop. And the pathogen so 
controlled need not be a bacterium or fungus — the brown root rot of 
tobacco, now known to be primarily due to the invasion of meadow 
nematodes, seems generally to be favored by previous crops of timothy 
and corn (Berkeley, 1944). 

Plant residues cannot always be assumed to be the cause of the 
reaction observed in succeeding crops, but there is convincing evidence 
that this is often the basis of the relationship Cochrane (1949) feels 
that, at least part of the time, residues exert a direct toxic effect on the 
roots of susceptible plants, probably aggravated by the action of sec- 
ondary rot-producing microorganisms. Actively growing roots of walnut 
and other species are known to secrete toxic materials — with the result 
that surrounding plants are visibly harmed, other root interactions are 
traceable to nutrient relations, pH, alterations in soil texture, and so 
on (Loehwing, 1937). 

Woody perennials, like field crops, can be affected by species which 
occupied the land immediately before planting, a fact which can be pul 
to good use in choosing an orchard site. Cases are known where all 
ornamental shrubs planted on stumpy land, in the immediate vicinity 
of the stumps themselves, have been killed by white rot, presumably 
they were invaded by pathogens remaining in the roots of the original 
trees (Cooley, 1946). Replanting of peach after peach often intensifies 
survival problems even where no disease seems prominently present, 
whereas peach after other prunus rootstocks or fruit varieties do not suf- 
fer appreciably. The explanation seems to lie in a toxic microbial 
degradation and decomposition of amygdalin, which cannot be alleviated 
by soil fumigation (Groves, 1958). 

Reduction in disease following specific crops does not result solely 
from the absence of a susceptible variety, as noted. Ophtohohis graminis, 
for example, disappears more rapidly from soil under a nonsusceptible 
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crop than in fallow because of the depletion of nitrogen reserves (Sim- 
monds, 1953). Similar gains derive from coincident plantings of bvo 
varieties. According to Simmonds, there is very little take-all of barley 
when undersown with trefoil, which makes luxuriant growth after the 
barle)' is cut. On the other side of the ledger, Groves (1958) points to 
the greatly increased probability of Veriicillium troubles in stone fruits 
when a susceptible species is used as an intercrop. The same holds for 
nematode injury to peach when aggravated by the presence of a sus- 
ceptible cover crop. Destructiveness of Sclerotium rolfsii on apple is 
influenced by the nature of the cover crop, susceptible legumes such as 
lespedeza tending to intensify the hazard to nurseries and young or- 
chards (Cooley, 1946). 

Admixtures of rye with wheat result in increased damage from wheat 
bunt in proportion as the content of rye increases; damage is greater 
following peas than following wheat and highest on soil newly broken 
from grass and alfalfa (Tapke, 1948). Hunt (1946) explains the inter- 
relations of sugar cane and com in respect to do\vny mildew under 
Australian conditions by pointing out that the pathogen forms large 
numbers of short-lived conidia on com but not on sugar cane and that, 
therefore, com plantings are necessary if disease is to spread rapidly 
during the growing season. 

An interesting suggestion of admittedly limited applicability comes 
from Chitwood and Oteifa (1952). Based on the fact that a particular 
level of invasion of the proper species of nematode is sometimes stimu- 
latory to certain host varieties, they propose that this effect might be 
stabilized by growing perennials in conjunction with a moderately re- 
sistant plant serving to maintain a proper inoculum balance. 

2. Crop Rotation 

Diseases caused by soil-borne pathogens are usually the targets 
against which crop rotation is brought into play. Stakman and Harrar 
(1957, p. 439) point to a few nonsoil pathogens — certain cereal rusts, 
late blight, banana leaf spot, and virus diseases — which are usually more 
destructive where continuous cropping is practiced, due in most instances 
to increased amounts of ov'envintered inoculum or to increased r'cclor 
populations. They admit, of course, that “monoculture” is at times dic- 
tated by economic or other considerations — bananas in Centra} America; 
sugar cane in Cuba; pineapple in Hawaii; rice in Japan — but insist that 
where done it is despite heightened disease hazard, and then only on Uie 
basis of high cash value, clieap hand labor, mechanization, or espechilly 
effective cliemical control measures. 

“The efficacy of rotation as a disease control measure lies in the f.ict 
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that, in the absence of susceptible crops (i.e., in the presence of non- 
susceptible crops), the population of a given pathogen materially 
decreases. Other pathogens, those to winch the alternate crop or crops 
are susceptible, must as surely increase; but by rotating crops subject to 
widely different pathogens, effective control is often achieved’ (R. B* 
Stevens, 1949). 

Literature on crop rotation is extensive, only a tiny sample is in- 
cluded in the bibliography to this chapter (for example, Stakman and 
Harrar, 1957, Hunt, 1946, Berkeley, 1944; Leighty, 1938). It is a very 
old and very widely adopted cultural measure. Leighty, for example, 
lists twenty-four diseases of seventeen crops controlled solely or mostly 
by crop rotation and the list could be much increased. Throughout, one 
finds general agreement on the two factors which, when encountered, 
constitute the chief obstacles to success in disease control through crop 
rotation. (1) pronounced longevity of the inoculum; and (2) wide host 
range. Longevity may stem from the existence of resistant resting spores 
or sclerotia, or from the ability of the pathogen to exist as a saprophyte. 
However explained, if it requires a decade or more to disappear from 
agricultural soils (e.g., flax wilt, cabbage yellows), then crop rotation 
loses its point. If, on the other hand, a very large number of possible 
hosts are vulnerable (eg., Asfohacierittm Uimefaclens; Phythium de- 
baryanum; Rhizoctonia solani; or Phymatotrichum omnivorum), it be- 
comes very nearly impossible to establish a favorable rotational pattern. 

Economic considerations loom large in weighing the advantages and 
disadvantages of rotations. It is not feasible, whatever the gain in disease 
control, to set up a rotation with too few and too infrequent cash crops. 
Neither can soil fertility, erosion problems, and maintenance of desirable 
soil structure be ignored. At best, disease relations are but one of several 
factors to be kept in mind in establishing agricultural crop series. 

R. B. Stevens (1949) has suggested a means whereby, in his opinion, 
the principles and advantages of crop rotation and resistant varieties (see 
also Section IV, B, 1) can be simultaneously achieved and, at the same 
time, some of the continuing problems of plant breeding minimized. 
His argument, which relates most specifically to nonsoil diseases of 
cereal^ crops, runs as follmvs: “Why not practice a rotation of host 
varieties, rather than of distinct, often widely divergent, crop species^ 
While focusing our attention on Uie striking and often disturbingly 
rapid increase in ‘new’ races or species of pathogens in the presence 
ol newly emphasized host varieties, we should not forget that some, 
at least, of the ‘old’ races are correspondingly decreasing. There is 
likely as significant a decrease in the inoculum of hitherto prevalent 
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pathogens as there is increase in hitherto rare ones' This, coupled with 
the very possible fact that the old host varieties well may be resistant to 
the new pathogens, leads to our main thesis that varietal rotation should 
be studied as a means of disease control 

“The simple fact that a pathogen is new stands as direct evidence 
that the older varieties were highly resistant to it, and that it was there 
fore formerly rare After five or ten years of widespread plantings of a 
new host type, it may well be that formerly well known species or races 
of pathogens will liave become scarce, and that older host varieties can 
be replanted with profit By selecting for a given crop such as ivheat or 
oats, several commercially desirable variehes of widely differing sus 
ceptibihty, it should be possible to work out a type of rotation which 
would hold disease losses at a low level” 

To our knowledge this suggestion has not yet been proved in actual 
practice, neither has it been shown invalid 

VI Measures Affecting Elements Other than 
THE Host Population 

Repeatedly, throughout this chapter, we have pointed out that the 
ramifications of cultural control are such that no one item can be clearly 
dissected from all others The outline upon which we have based our 
discussion does not pretend to be either completely logical or entirely 
free of inconsistencies Each successive section or subsection represents 
primarily a new point of view, but we are entirely conscious that facts 
and instances are partially duplicated from time to time In Sections IV 
and V the center of interest was upon actions taken with reference to 
the host plant Whatever the particular aim of the control measure 
discussed, and whatever the specific medium through which that aim 
was achieved it was the host plant that was manipulated Often it was 
desired to affect the inoculum as well, but the host plant itself was the 
factor principally involved 

In this, the final section a full turn about is contemphted We are 
concerned now with measures which involve elements in the disease 
complex other than the host — ^pathogen or other hosts as the case may 
be Objectives often parallel those recounted in earlier sections, the 
point of view and emphasis are new 

A Affecting Inoculum 

Chapters 11, 12, and 13 present the case for chem.cal and biological 
control of moculum It remains here to see what cultural measures there 
are which have this same objective 
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1. Disease-Free Seed ami Propagating Material 

Chester (1947. p. 4G6) distinguishes two categories of "noninfested 
seed: (1) uninfesled (from uninfcsled areas, from protected seed blocks, 
indexed material, cleaned or selected seed, certified seed and registered 
propagating material); and (2) disinfested (by chemicals or heat). 
This seems an acceptable organization and suggests some of the diversity 
of ways in which the objectives arc sought. 

Stevens and Nienow (1947), among others, recount instances of the 
production of disease-free seed, particularly that of legumes (beans and 
peas) in semi-arid areas of the western United States. This device is 
effective against such pathogens as those of anthracnosc, bacterial blight, 
and Ascochyta, which arc seed-borne and which cannot be destroyed 
by any currently practicable seed treatment. Because the spread of these 
diseases in any particular growing season is strictly dependent upon 
atmospheric moisture, the pathogen docs not develop under arid condi* 
tions, even when the original seed used is contaminated. Tlic net result 
is, of course, that seed certified free of the pathogen in question can he 
made generally available for planting in commercial producing areas. 

In an earlier section (IV, C, 2) we referred to heat therapy as one 
way of ridding seed and propagating material of pathogenic inoculum; 
chemical seed treatment is discussed in Chapter 12. A few related and 
miscellaneous techniques deserve mention at this point, most importantly 
perhaps some recent developments in seed treatment for the blossom- 
infection loose smuts of wheal and barley. For many years the accepted 
practice has been a modified hot water treatment, designed to kill the 
contained mycelium without undue damage to seed and reduction in 
germination. It now appears (Tyner, 19M; Amy and Leben, 1955; Leben 
et al., 1956; Tandon and Hansing, 1957) that the same result can be 
achieved, with much less trouble, by simply soaking the seed in water, 
a technique which is enhanced if the seed be held in an air-tight con- 
tainer, after soaking, for, say, 48 hours at 80® F. This method has come 
to be known as the “anaerobic” method, and is both simple and effec- 
tive. Laboratory studies point to the presence of certain volatile acids 
(formic, acetic, butyric) produced by the moist seeds as responsible 
for the disinfecting action and show that spores of several of the patho- 
gens involved do not germinate well under anaerobic conditions and at 
the pH levels reached (Leben et al, 1956). Addition of various chem- 
icals to the water in which the seeds are placed is thought by some to 
be an advantage (Tyner, 1953). Others recommend germination tests 
as a precaution against possible sharp reductions in viability (Arny and 
Leben, 1955). 
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thogen free propagative material of ornamentals and orchard crops 
ch sought after, for reasons that will be self evident A number of 
lies come to mind, some few of which can be cited here In a 
paper, Baker and a committee (1956) summarize efforts to pre 
hseasc free items for a number of plants chrysanthemums, cama- 
gladioli, roses, foliage and succulent plants, geraniums, stocks, 
s, nasturtium Soaking plum budwood in solutions of streptomycin 
Jen reported successful as a means of ridding it of the bacterium 
Tionas pnini (Brown and Heep, 1946) 

)ner or later, if the crop or disease in question has appreciable 
me importance, represents a significant portion of the agriculture 
;iven political unit, or extends over a relatively large area, some 
)f governmental regulatory machinery usually comes into opera- 
ins machinery varies greatly in its complexity, and in most cases 
ps gradually over a period of lime, becoming more exacting and 
/e as the advantages of clem stock become increasingly apparent 
'ith this, picks up added public support In its simplest form, pro 
for produemg disease free budding and propagating stock con 
i an inspection of source trees or nurseries and the selection of 
“lose individuals that seem free of vinises or other undesirable 
ens (Stout, 1950, Boyer, undated, Hildebrand, 1953) Inspection 
ot be a once only affau: nor cursory, bramble fruit nursery stock 
higan has been the subject of a careful inspection program for 
'ears (Boyer, undated), involving two inspections so timed as to 
ze aphid transmission and to avoid the hotter months when 
ms are masked Low tolerances are in force roguing is earned 
time of inspection, and all systemic pathogens are included in 

[ulations governing production and sale of plants and propagating 
il usually involve a certification system of some kind — the word 
extended, of course, to cover seeds as well and to refer to 
les other than freedom from disease, but our usage here is in 
re limited sense 

y (1948) outlines the development of fruit plant certification in 
d under the Ministry of Agriculture Black currant material must 
luced under a compulsory system Strawberry phnts, on which 
mphasis has been placed since World War I (Demaree, 1948), 
ither under an “A” or ordinary certificate, which is compulsory, 
ir a ‘special stock’ certificate mtroduced in 1945, which is volun- 
le latter is ordinarily only for growers specializing in production 
ners’ and hence likely to qualify Presently, four ^arletles arc 
a m this certification system, which sets very high standards for 
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care m propagation and allows only %cr> low disease incidence Basp- 
berry certification is voluntary and confined to certain varieties, while 
the fruit tree scheme is mostly aimed at accurate naming 

Strawberry certification in California (Matlier, 1952) covers >ellovvs, 
crmkle, nematodes, and red stele It was first ofiicially sanctionc m 
1941 and the present program adopted in 1949 at the request of tlie 
growers Fees adequate to make the program self-supporting have been 
set Features of the sjstem include low tolerances on tlie pests and 
diseases named, intensive pest control, roguing, isolation, and plant m 
dexmg There are four field inspccbons dunng the first year, before 
plants can be set m an increase field, three inspections are made in the 
second year Provision was made in 1951 for a registry of foundation 
stock actually mdexed and found to be vims free Otherwise, this newer 
program parallels the certification system except for the additional 
requirement that the source plants first be proved virus free by 1 year 
in an mdex bed Indexing is to Fragarta bractota, a suitable indicator 
plant 

In the eastern United States (Demaree, 1948) strawberry yellows 
and related viruses can be avoided on a stop gap basis, by using only 
vigorous plants, but more cerlamly by mdexing the more desirable 
vaneties to Marshall or other good indicator Demaree suggests that 
each state experiment station undertake to handle the comparatively 
few varieties grown commercially within its geographic region Main 
tammg vmis free stocks m the West has been very difficult, due to the 
wide distribution and common occurrence of principal insect vectors 
The technique of mdexing just mentioned, is often emplo>ed m 
programs to develop certified stock when the pathogen is a virus It 
involves graftmg material from the plant to be tested to a selected host, 
known to produce consistent and recognizable symptoms, and makes 
possible confirmation of the presence or absence of virus even when 
systemic symptoms on the ongmal host are masked or uncertain A 
large number of mdexing procedures are now available and many suit 
able test plants identified As a general rule, each vmis of stone fruits 
(Hildebrand, 1953), strawberries, etc, must be mdexed separately, 
although at times more than one virus can be checked m a smgle opera 
tion A very common technique is to mdex a systemic virus on a host 
which produces local lesion reactions 

Propagating methods m several ways mfluence for better or worse 
the spread of disease m vegetatively mcreased crops and ornamentals 
Dimock (1951b) tells how when nurserymen abandoned the practice of 
graftmg roses to imported stocks (Rosa Tnanetti) m favor of buyang 
plants already budded to understocks grown on the Pacific Coast, 
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Verttcilhum di£RcuIties were augmented, the pathogen in the majority 
of cases is mtroduced with the plant and not acquired from infested 
soil in tlie area where planted Christie (1942} points out that m vege- 
tative propagation of chrysanthemums, foliar nematode mjury can be 
held to a mmimum if cuttings are taken from the tips of new growth 
on old crowns rather than by breaking off lateral shoots Only this simple 
change is needed to avoid hot-water treatment Dissemination of nema- 
todes in deciduous fruit trees seems to be favored by the layering 
propagation method commonly used m multiplying clonal apple root- 
stocks (Groves, 1958) 

Elimmation of red stele from valuable strawberry stock by a curious 
cultural technique has been effected by Vaughan (1956) His procedure 
takes advantage of the fact that the fungus does not invade the crowns 
and stolons, even in susceptible varieties, that it grows poorly at tempera- 
tures above 65® C , and that it does not thrive in adequately drained 
soil Special sterilized flats with wire bottoms were prepared, sterilized, 
and the whole apparatus set at a level above the soil of potted plants 
New runners forming on these plants were kept physically free from 
the soil in which the mother plant grew, glass wool was employed to 
prevent splashing, and, when long enough, the new runners pegged 
down to the surface of the clean flats As soon as possible after rooting, 
the new plant was cut free and later checked for freedom from disease 
by growing under conditions favorable for development of red stele 
symptoms 

Finally, a special instance of propagation which reflects unusual 
ingenuity is called to our attention by Stout (J950) In this case certain 
citrus viruses are avoided by the propagation of “nucellar” seedlings, 
which technique permits vegetative propagation (and thus retention of 
varietal characteristics) without danger of virus transmission, since virus 
does not enter the seed itself 

2 Soil Treatment Other than Chemical 

In Chapter 11 are recounted all (hose techniques wherebj inocu/um 
resident m the soil is got nd of or at least where attempts are made to 
reduce it by the action of chemical agents Possible alternatives open to 
the commercial grower or other practicing agriculturist arc by no meins 
limited to a choice among chemicals and methods for tlie applfcafion 
thereof At several points m our discussion we have alluded more or 
less specifically to the soil as a source of inoculum and to cultural 
methods whereby this threat can he lessened, w e have reached the point 
now where these matters arc of central interest 

Chester (1947, p 457) mikes the same distinction relative to non- 
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infested soil as ho had made in connection with noninfestcd seed, i.e.; 
(1) uninfested soil (new land, save in those instances where the native 
flora harbors pathogens which will invade the first crop; land freed o 
pathogens through crop rotation; and land “sanitized” through avoidance 
of undesirable crop residues, infested manure, and contaminated tools, 
or by the erection of trenches and other physical bamers); and (2/ 
disinfested soil (hy heat, or by fumigation). Other b^eakdo^vns could be 
made, but this one is useful and the distinctions might profitably be kept 
in mind when examining cultural measures. 

Except for chemicals, heat is probably the most commonly employed 
means for achieving complete or partial sterilization of the soil. There 
are several important ways of doing this: with steam, hot water, dry heat, 
and so on. The effect of soil healing, regardless of how it is accomplished, 
is often to destroy the beneficial nitrifying bacteria, which are nonspore 
forming species, but to allow ammonifiers to escape (Newhall, 1955). 
Soluble salts are frequently liberated as a result of heat treatments and 
colloids destroyed, which latter event can lead to deterioration in soil 
structure and to loss in capillarity and water-holding capacity. 

Steam heat, a method of long standing, has been employed against 
nematodes chiefly, but can render other lands of inoculum impotent as 
well. As a technique, it has the advantage of being very easily learned 
and understood. Furthermore, live steam is dissipated almost immediately 
after application ceases, leaving no imdesirable residues, although re- 
invasion by fungi is often rapid. Newhall (1955) lists several means 
whereby steam may be introduced into the soil under field conditions: 
inverted pans, buried perforated pipe or tile, steam harrow or rake. For 
very limited volumes of soil, autoclaving is an effective procedure. 

Less widely applicable means of heat treatment of soil include: (1) 
hot water, which is less effective Uian steam; (2) firing, as when sites for 
seed beds are prepared by first burning quantities of wood on the area, 
when natural and other existing vegetation is deliberately set afire or, in 
limited situations (control of Sclerotium rolfsii in India), when flame 
throwers are utilized; or (3) electrical sterilization, relying either upon 
the resistance set up by the soil itself or upon some form of heating 
apparatus containing resistance units (Newhall, 1955). 

Rarely, soil temperatures in warm latitudes rise to levels that in- 
activate contained pathogens. In Texas, at times, larvae of the root knot 
nematode are unable to survive in the top 3 inches or so of the soil, and 
it is therefore feasible to destroy high percentages of the population by 
the simple device of plowing 3 times at 7-10 day intervals during hot 
weather. In some instances, greenhouses can be successfully rid of pests 
and soil borne diseases if they he tightly closed in mid-summer sunlight 
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and the heating systems turned on. Needless to say, this can be done only 
if the plants therein are either removed or sacrificed . 

In the review above cited, Newhall includes a summary of disease 
control by flooding, and notes its use in the last century against the 
Phylloxera threat to French vineyards. Other pests have been attacked 
in this manner: wireworms in California, root knot nematode, garden 
centipede, etc., but the two most publicized examples at present are in 
connection with the Panama wilt of cultivated banana in Central 
America and Sclerotinia sclerotiorum, affecting truck crops in Florida 
(Moore, 1949; Stoner and Moore, 1953, Stevens and Nienow, 1947, 
Stevens and Stevens, 1952). It has been demonstrated that soil inoculum 
of the Fusarium responsible for banana wilt can be materially reduced by 
several months’ inundation of the soil and that it will not again reach 
troublesome levels for perhaps 6 years. Subsequent experience soon 
showed that second cycles were not nearly so effective as the first and 
that considerable inoculum persisted in the upper few inches of soil 
This was got rid of by one or both of two means. (1) by plowing and 
reflooding; and (2) by chemical treatment. Flooding for control of 
banana wilt was an outgrowth of earlier experience with silting of 
diseased areas. 

From 3 to 6 weeks’ flooding suffices to kill the sclerotia of Sclerotinia 
sclerotiorum in Florida soils, and it does not seem to matter much 
whether it be marl, muck, or sand nor whether the water be held con- 
tinuously or flooded and drained at 3-day intervals — sclerotia do not, 
however, deteriorate at all rapidly if sub/eef only to prevailing rain- 
fall in nonflooded fields (Moore, 1949). Stoner and Moore (1953), more 
recently, have pointed to an economically attractive possibility for 
cultural control of S. sclerotiorum through summer plantings of lowland 
rice. Not only are the sclerotia rotted under the conditions normally 
maintained for lowland rice growing, but destruction is completed in a 
period as short as 20 days, some 2 weeks sooner than in static flooding. 

By fitting rice into an acceptable crop rotation, valuable winter-vegetable 
Land can be profitably occupied in summer. 

It must be perfectly clear that flooding associated ivith rice growing 
is in this instance directed against diseases of crops (mostly vegetables) 
in the rotation other than rice itself. The general approach is also practi- 
cable as a pest and disease control measure even when the primary crop 
is flooded in the course of its normal agronomic or liorticultural man- 
agement. Cranberries, hog-giown plants, are often flooded for llic 
express purpose of reducing diseases and pest damage. Perhaps the 
greatest drawbacks to wider use of flooding are; (1) the sheer pliysical 
impossibility, in the majority of places, of getting adequate Mater sup- 



416 


RUSSELL B STtVriSiS 


plies and establishing the necessary grading and ditching, and (2) the 
danger of spreading some unsuspected pathogen other than the one 
against which the measure is invoked 

One or more forms of tillage is almost invariably involved in agri 
cultural crop production, certam sod-grown orchard crops, forage crops, 
and forest trees are the only obvious exceptions Tlie literature of plant 
pathology contains occasional reference to tillage as related to reduction 
m soil-home inoculum, consisting usually of recommendations that 
tenreit' '’o P'owed under to such depth that fruiting is pro 
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3. Antisporulanfs, Erodicant Sprays 

By all odds the greater portion of the chemicals used against plant 
disease, more specifically against inoculum, are used in the form of 
fungicides and related materials applied to the soil, seed, and foliage 
(see Cljapters 11 and 12). niere are special situations, however, where 
fungicidal substances are employed in a somewhat different manner or 
where materials not commonly classed as fungicides are used m disease 
control. 

First and foremost are eradicant sprays, at one time treated ex- 
perimentally for control of overwintering ascospores of the apple scab 
fungus, 90% of which were eliminated by spraying the orchard floor with 
Elgetol (sodium salt of dinitro ortho cresol). The remaining inoculum 
was sufiicient to produce scab abundantly however More recently 5% 
Puratized (phenyl mercury triethanol ammonium lactate) has been 
applied to young leaves, flowers, and fruits with greater effectiveness 
(Goldsworthy et at., 1949). Eradication can, at times, extend to the 
elimination of pathogens already established m the living host. The 
striking eradicative action of aclidione (cycloheximide) on cherry foliage 
invaded by the leaf spot fungus {Coccomyces hiemalis) is coming to be 
regarded a classic example (Stout, 1950). Yarwood (1945) gives us a 
much Jess well known instance wherein copper sulfate or other soluble 
coppers, plus a spreader, almost completely eradicated the powdery 
mildew of beans. At the other extreme. Dimock warns us that phyto- 
pathogenic spores in viable condition may be disseminated by fungi- 
cides as sprays, thus aggravating rather than improving the situation 
(Dimock, 1951a), although unpublished studies by Waggoner indicate 
that this occurs but rarely under field conditions. 

Several miscellaneous citations, summarized below, will serve to 
indicate the very considerable diversity of cultural disease control 
employing fungicides and fiingicide-Iifce substances: 

1. Lear and Mai (1952) describe the use of methyl bromide for 
disinfecting burlap bags, tools, and equipment against spread of the 
golden nematode The material is effective between 50-80° F., and, by 
employing vinyl resin coated covers, can be used to fumigate tnwks and 
other comparable farm vehicles. 

2. Ayers and Lambert (1955) report that bacterial blotch, soft rot of 
“pinheads,” VerticilVmm spot, and mycogono disease of mushrooms can 
be controlled by chlorinating the water used for wetting the beds at 
approvimatcly 50-200 ppm, applied when mushrooms begin to appc.ir 
in the beds. It had apparently been mistakenly tJiought for some years 
that tills treatment could be used only lo«ilIy, not as an oier-all drcncli. 
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Chlorination is, of course, a common way of preventing fungus growth 
in pulp circulation systems and in other industrial processes. 

3. Stevens and Nienow (1947) make reference to a paper by Yarwood 
to the effect that a spray of water under pressure will check growth ot 
a considerable number of powdery mildews, apparently because, once 
dislodged, the mycelia cannot regenerate from haustoria. 

4 If we can judge from Katznelsons review (1937), control of plant 
disease by bacteriophage is as yet largely in the experimental stage. 

5 Bawden (1954), considering inhibitors of plant viruses, makes the 
interesting suggestion that such materials as ribonuclease and glyco- 
protein from Phytolacca, if used with a sticker, might prove an effective 
protectant and a far less irritating substance with which to disinfect 
the hands of workers in tobacco and tomato growing than those now in 
fashion. 

4 Vector Control 

Tlio many ramifications of inoculum dispersal by insects have been 
thoroughly covered by Broadbent in Chapter 4, and in a recent review 
of insecticidal control of the spread of plant viruses (Broadbent, 1957). 
Additional comment comes from Smith and Brierley (1956) and in a 
number of texts, summary articles, and research reports. A related topic, 
the resistance of plants to insects, with obvious implications for vector 
relationships, is covered by Painter (1958). 

Vector control illustrates, as does no other phase of the subject, the 
diverse nature of cultural control. There seems to be almost no detail 
of transmission of pathogens by insects which, when scrutinized, cannot 
be shown to have some relationship to possible control measures. In ^ 
sense, one could rest content with an admonition to learn all that can 
possibly be kno^\'n of the biology of the host-pathogcn-vcclor relation- 
ship— and then to so manage affairs that the effectiveness of transmission 
Is held to a minimum. But (his would be to beg the question, and a few 
selected examples will very likely prove helpful— bearing always in mind 
that the summary is In no way complete. 

Vectors are not always insects. Some few vertebrates, notably birds, 
are responsible for inoailum spread, and various soil microfaima have 
!>ccn implicated from time to time. By all odds, however, insect- or 
nrthropod-tr.insmission is the most frequent association of pathogen and 
vector and is satisfactorily muslrative of the basic viewpoints and 
problems encountered. 

Provided the ecology of the insect population and the biolog)' of its 
UTtor role are aderpiatcly known, worthwhile rcstills can he expected, 
neixndmg upon individual circnmstanccs. removal of diseased plants 
may Iw mcful if diacnostic s>Tnploms are such as to Iw apparent before 
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transmission to new hosts has occurred or where the diseased host serves 


as a site for increase in vector populations (elms, killed by Dutch elm 
disease, harbor the beetle vector and furnish conditions ideal for its 
multiplication). Physical barriers and removal of native reservoir hosts 
(see Section VI, B. 1-2) can, without directly affecting the insect vector, 
contribute to the desired end of reducing disease incidence in cultivated 
crops, just as silvicultural methods (Graham, 1951, 1956) directed against 
insect populations may, in special instances, be invoked against vectors. 
Occasionally (Galakhov, 1946) readjustments in crop rotation and re- 
scheduling of sowing dates can be instituted to upset the pattern of 
reproduction, hibernation, and dispersal of the vector. Finally, there is 
always the possibility of utilizing biological control of arthropod vectors, 
where appropriate predator species are known. 

The greater emphasis in arthropod vector control has always been 
upon insecticides, a very natural outgrowth of the e.Ttensive use of 
chemicals against insects causing direct damage by feeding and ovi- 
position. Principles are not entirely the same, for the effectiveness of 
vector insects is not necessarily proportional to the degree or duration 
of the infestation, and the level of insect kill must be very high as well 


as quickly accomplished. , .u l ■ 

In writing of virus transmission, Broadbent (1957) shows that in- 
secticides more often than not are ineffective in stopping the spread of 
disease even when inspection seems to indicate that the vector has been 
largely eliminated. This is especial y true of those viruses which am 
quickly inoculated into the plant-the nonpersistent group--and which 
allow, therefore, very little time for the toxic substance to take effect It 
thus proves better strategy either to spray contact insecticides on the 
source plants with a view to killing the largest possible number of insects 
before thev depart for new hosts or to apply persistent clicmic.Tls i c„ 
Ii, 1.-AI, remain active for somo period, such as DDT or Parathion, 
toXTiuface of plants to be protected in the hope of killing virulifcrous 
insects as they arrive. Slower-acting malenals can be used against vcc- 
torrcLying viruses of the persistent group, which require an appreciable 
. , . “ -rt/i in tlic insect. Systemic insecticides are mucli like tlic 

"™ ,‘’T/smface materials! with the added advantage that they better 
long-lasung appears and act more selectively against only 

f/ r mM inm!fspccics. Tlierc is a genuine need for development of 

trol as distinct from general insect control. 


B Affccthu: Hosts Other than the Primanj Crop 
rimes ailliiral measures center alx>ut other host plants, their 
destruction, removal, or manipulation. Naturally, these control practices 
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are often employed in league with efforts with inoculum or principal 
host, and depend for their effectiveness upon how closely and im- 
portantly the secondary host species is tied in with the survival, repro- 
duction, and spread of the pathogen. 


1. Alternate and Reservoir Hosts 

As a rule, cultural control measures receive little recognition either 
publicly or privately. To this generalization, the control of heteroecious 
rusts by the removal of their alternate host species is a conspicuous ex- 
ception The fact is that such success as has been attained has in each 
case required sympathetic response from an informed public. Removal of 
the economically less important host species has been widely advocated 
and vigorously prosecuted in North America in three instances: (1) bar- 
berry (stem rust of wheat), (2) currant and gooseberry (white pine blis- 
ter rust), (3) cedar (apple rust). The story of these campaigns need not 
be retold here, although each is a fascinating study encompassing the 
biology of the organisms, the economics of crop production and cost of 
eradication procedures, the strategy of mobilizing public opinion, and the 
traditions and technicalities of legal codes Suffice it only to remind 
ourselves that the success of any eradication and the strategy of its 
program depend upon the role played by the alternate host in the life 
of the pathogen. In the case of apple rust, all of the infection of that 
host comes from spores produced by the cedar phase of the pathogen, 
alternation is, then, absolutely critical to the continuation of the patho- 
gen Because leaves and fruit are shed each fall, the apple host com- 
mences each spring season free of the pathogen, and will be invaded only 
if cedar has been allowed to remain nearby. 

New infections of white pine rust, likewise, come only from currant 
and gooseberry, but, since pine cankers form in tissues which persist 
from year to year, an individual once diseased will be progressively 
damaged as time goes on, even if the native alternate host be completely 
eliminated. 


Cereals, the economically more desirable member of the pair of 
alternate hosts of black stem rust, carry not only spores which infect 
Mrberry, but, unfortunately, also spores capable of reinvading wheat 
Tlius disease incidence is not entirely dependent upon barberry once the 
pathogen is established on wheat. The once very vigorous and extensive 
eradication program has been continued, but on a new and somewhat 
reduced basis— primarily to limit the number of new genetic races evolv- 
ing out of sexual reproduction on barberry. 

By reservoir hosts are meant those species, frequently indigenous. 
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winch are not demonstrably involved in any exact or exclusive way with 
the life cj'cle of the pathogen, as are alternate hosts, but which provide 
an additional site of persistence or multiplication of the pathogen 
Tlicre are a large number of these recognized, and probably many more 
not yet incriminated. The concept of reservoir hosts includes not only 
species serving as sources of air-home inoculum of vector-home diseases 
and as sites of vector survival and multiplication (Steinbauer and Stein- 
metz, 1945). It involves instances wherein weeds. (1) provide means of 
patliogen survival when cultivated hosts are inaccessible, (2) are the 
site where new pathogenic races arise, (3) act as accessory hosts of 
pathogens. Finally, it should be extended to include what might be called 
“carrier” varieties — varieties of crop plants in which viruses known to 
be responsible for destructive diseases do not produce visible effects, 
but from which tliey can be transmitted to other varieties of the same 
crop. 

There is a considerable literature on weed control by mechanical, 
biological, or chemical methods — it would be impossible to include even 
a representative sample at this point. Probably the most striking trend 
in recent years is the almost explosive development of herbicidal chemi- 
cals, many of them highly selective in their action Adoption of these 
means has in no wise changed the rationale for cultural control of dis- 
eases by this approach but has favorably altered the economic aspects 
of the situation Some interesting viewpoints on the over-all biology 
of weeds are to be found m a paper by Weiss (1949), including specu- 
lations on their striking freedom from disease 

Piemeisel (1954) describes a somewhat different form of weed control 
associated with disease reduction as “replacement control,” or “changes 
in vegetation in relation to control of pests and diseases ” By and large 
this is a special case of applied ecology or of range management whereby 
pest populations and pathogen load are reduced through changes m the 
vegetation from weeds and other ephemerals toward grasses and native 
perennials As alteration from the original becomes progressively greater, 
the problem of replacement control is made more difficult, and the length 
of time required for its realization longer. With special reference to 
curly top of sugar beet and other CTops m the semi-arid west, the usual 
story has been the loss of natural cover, occupation of the denuded 
lands by weeds, enormous increases in the beetle leaf hopper populations, 
and subsequent increase in disease incidence and damage. By returning 
all lands not contmuously farmed to good desert range — not necessarily 
either climax or even of what was originally there — the threat can be 
substantially reduced. 
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2. Trap and Buffer Crops 

A final category in the area of cultural control as it pertains to host 
species other than the primary crop concerns trap crops and buffers. 

Plantings used as buffers are in reality a special instance of the 
general category of physical barriers introduced under Section V, B, 3; 
strictly speaking, the species utilized are not even hosts to the pathogens 
or vectors. One might go so far as to consider isolated plots, seed beds, 
etc., as extreme examples of protection by barriers, wherein the areas 
occupied by the buffer species far exceed that occupied by the host. 
A more useful concept would confine the term to situations where the 
preponderance of area is occupied by the principal crop and the buffer 
is truly marginal. Forest windbreaks have been employed in part for 
disease control (Beilin, 1951) and presumably reduce the overland 
movement of air-borne inoculum. Their effect on microclimate, especially 
as they increase temperature and retard drying up of surface moisture, 
IS often to increase disease hazard. 

Barriers are reported effective in some instances against spread of 
insects to seedbeds and cropped areas. Stakman and Harrar (1957, p» 
442) find some evidence that legumes sown with Hevea brasiliensis form 
root barriers which retard the growth of subterranean mycelium of fungi 
causing root rot of the rubber tree, and they suggest that similar relations 
might pertain to citrus, grapes, and orchard fruits. Sideris (1955) re- 
counts the occurrence of a leaf tip necrosis of pineapple appearing 
within 1.5 miles of the sea in plantings exposed to wind-blown sea 
water, partial control can be achieved by establishing multiple rows of 
Casuarina equisetifolia on the seaward side in order to trap wind-blown 
sea water. The effects on pineapple can also be partly overcome by ample 
applications of nitrogen and potassium. Chester (1946) mentions the 
possibility of a rust barrier zone in the south central plains of the United 
States. 

Use of trap or catch crops is based on the notion of providing a host 
species other than the primary crop, which is particularly susceptible to 
the pathogen, and, at an appropriate later time, destroying both host 
and pathogen in a single operation. By so doing it is hoped that the more 
valuable host will be left relatively free of the inroads of the pathogen. 

In field and greenhouse trials with pineapple root knot nematode in 
Hawaii, Godfrey and others (Godfrey and Hagan, 1934; Godfrey and 
Hoshino, 1931) found that the population could be very greatly reduced 
by one or more plantings of a crop such as tomato if the latter were 
killed at the most favorable lime either by mechanical means or by 
poisons. Decay or destruction must come before eggs arc produced or 
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llic net result \mI 1 be to worsen ntlier than to reduce the population 
problem These studies seemed to indicate that the best that can be 
hoped for IS a quick reduction of heavy infections, not complete eradica 
tion, and that to plant the trap crop beside the pineapple row was in 
effective Weed killers appear to be a satisfactory means of destroying 
the catcli crop 

Bcrkelc) (19J4) includes a somewhat different type of catch or trap 
crop m pointing to the use of indicator plants of three different varieties 
in areas of Ceylon about to be replanted to Hevea rubber The chief 
purpose here is not to destroy the soil pathogen but quickly to establish 
its presence and extent of infestation in order that diseased material may 
be identified removed and burned 

Vff Stn^fMARY AND PbOCNOSIS 

Several points emerge conspicuously from our consideration of 
cultural control In the first place cultural measures are a miscellany A 
few arc well recognized and widely adopted, many are obscure or so 
intricately tied m with other steps in the agricultural program that they 
are not accorded full credit for their contributions to crop production 
Curious anachronisms show up as one studies disease control by cultural 
means It has on the one hand been characteristic of primitive agri 
cultures poverty of scientific information and inadequate supplies of 
agricultural chemicals and equipment on the other hand it requires 
the most exacting critical and detailed knowledge of the biology of 

disease far beyond that needed for more orthodox operations In one 

sense these can be the least eiqiensive and most rewarding of disease 
control efforts in another because the full cost is often immediately 
apparent and chargeable to the individual producer cultural control is 
avoided as being too expensive and troublesome Reduction of disease 
damage by cultural means involves more variables is more difficult to 
evaluate by controlled expenmentation requires more extensive co 
operative action and impinges on the complex structure of agricultural 
and forest practice at more points than any alternative pathway open to 
the pathologist and producer 

No one can possibly say with certainty what the future will brmg 
It IS more than likely that there will be no sudden shift in the popularity 
of cultural control measures as a whole although we can expect con 
tinuing change and improvement m individual techniques As lime goes 
on and the knowledge of disease as a pathologic phenomenon accumu 
ktes there is every likelihood that new and provocative cultural control 
devices will be developed and that more and more producers will take 
advantage of what this sector of plant pathology has to offer More 
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particularly, cultural control will continue to be important in situations 
where other methods prove inadequate, in cases where the biology of 
pathogenic disease is particularly well known, in the preservation o 
harvested materials and produce, in forest pathology, as an adjunct to 
chemical control, and, of course, in alleviating many nonpatliogenio 
troubles We can also hope that the economy of cultural practices will 
in time be more realistically evaluated and tins obstacle to their wider 
adoption removed 

It will be immediately apparent that no complete review of the 
literature of disease control by cultural methods has been attempted 
In selecting the few titles to be cited in the bibliography, at least four 
points were emphasized (1) where possible, reference is made to survey 
and review articles, thus affording access to the often very complete 
and far ranging literature compilations included there and materially 
reducing the number of bibliographic entries m the present paper, (2) 
recent papers were given priority over older publications, particularly 
from the works of a single author, (3) emphasis was upon readily 
obtainable material from established sources, and (4) an effort was 
made to strike some sort of balance among the multiplicity of subtopics 
comprising the very diverse subject of cultural control 

We are greatly indebted to recent texts and monographs by Chester 
(1946, 1947), Stakman and Harrar (1957), and Stevens and Stevens 
(1952), to which a number of page references are made, and to reviews 
by N E Stevens (1938a) and N E Stevens and Nienow (1947) 
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the podzols oE northern forests, or the latosols of the tropics m^es 
little difference, soil borne pathogens exact their unceasing toll The 
losses to man can be counted m millions of tons of food, clothing, an 
building materials , 

No one knows the true extent of this waste It has been estimated 
that over a third of the losses from plant diseases m the United States 
IS due to sod borne disease, undoubtedly caused by the more spectacular 
pathogens (Clark et al, 1957) How much damage is induced by low- 
grade and, doubtlessly, universal root pathogens is open to speculation 
At present we do not do a very good job of controlling soil-bome 
plant diseases Resistant crop varieties have given relief, especnlly m 
the fight against vascular diseases Crop rotation has proved beneficial 
primarily in the control of the more specialized pathogens, but is un- 
popular with agriculturists for economic reasons Improved cultural 
practices, the use of proper cover crops, and sod amendments have 
helped Sod treatments with heat and chemicals have been useful 
Cooking the soil to destroy the plant killers is very effective This 
ancient method is excellent in greenhouse carnation culture, but is 
quite impractical for field grown beans and tomatoes Seed treatments to 
date have been the sole and generally effective chemical method of 
control Unfortunately, seed treatments work well against only the 
earliest phases of seedling attack by pathogens such as Ptjthium and 
Rhizoctonia 

It bods down to this we are at least holding our own This is not 
good enough We cannot substantially increase the 350 odd million acres 
of crop land m the United States Realtors are choppmg away at the 
best of this land to provide housing for the ever increasing population 
There are more people to feed from the production of less land There is 
only one answer more food must be produced on less land 

It IS the purpose of this chapter to discuss the treatment of soil for 
the control of sod pathogens Heal treatment which has played an im 
portant role m the past will be considered but briefly, major emphasis 
will be placed on the newer phases of chemical control This will not 
include the use of chemicals as seed treatments or soil amendments 
since tiiese uses arc not considered pertinent to the present subject Soil 
treatment ^Mth chemicals is the newest tactic in the never ending battle 
against soil pathogens The approach is crude today Tomorrow this will 
not bo so 


11 Basic Concepts 

Tile present melliod in the chemical control of soil pathogens rs to 
introrlnce fungicirlcs and neimtoctdos rnto sod for the purpose of hilling 
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or preventing the growth of these organisms. There are two ways of 
doing this. The first is by seed treatment, in which a small amount of 
chemical on the seed is introduced into soil to protect the seed and 
seedling against pathogens in the immediate vicinity. The second is to 
increase tlie zone of protection by introducing larger quantities of the 
chemical into soil either before planting or at the time of planting. 

Tile practical and beneficial effects of seed treatment are well-loiown. 
The introduction of larger amounts of chemical into soil (“soil treat- 
ment”) to control pests and pathogens, although not a new idea, is not 
as well-known or understood. It began with Thenard in 1869, almost 80 
years ago, when he recommended soil injections of carbon disulfide for 
the control of the grape parasite Phylloxera (Fleming and Baker, 1935). 
This was followed by Thaxter s soil treatments with sulfur in 1891 and 
Selby’s use of formaldehyde in 1900 to control onion smut. The initial 
modern impetus in soil treatment came from Godfrey’s field trials with 
chloropicrin in 1935 and Carter’s discovery of dichloropropene-dichloro- 
propane mixture in 1943. 

Fungicides and nematocides, following their introduction into soil, 
most frequently bring about beneficial crop responses This has been 
especially true where pathogenic nematodes are present m soils (God- 
frey, 1935). Pathogenic soil fungi have been controlled directly (Young, 
1940) or indirectly by activating an antagonist of the pathogen (Bliss, 
1948). There have been instances of plant stimulation in the absence of 
known pathogens (Kreutzer and Montagne, 1950, Koch, 1955) These 
examples adequately indicate that there is much to learn about the 
etiology of soil-bome diseases. 

There have also been unfavorable results from soil treatment Cases 
have been observed where a major pathogen is controlled, but the treat- 
TOftwt hiA ahouJt the development^ to a damaging degree^ of a 

pathogen that previously was considered to be of minor importance 
(Haasis, 1952, Wilhelm, 1957). Sometimes the application of a biocide 
to the soil aggravates a disease condition (Gibson, 1956). Obviously soil 
treatment affects organisms other than those which we wish to control. 

A biocide may kill indiscriminately both the detrimental and favorable 
organisms of the soil population. Some soil organisms are susceptible to 
chemical poisoning, others are resistant. Some die; some live. The soil 
population changes, and these ch.'inges are reflected in the developing 
crop plant. 

We need more fundamental knoivledge to enable us to predict 
crop response to chemical treatment. Some of this information already 
exists, scattered Ihrougliout the literature. Collation and integration 
are needed. Tliere are small gaps requiring extrapolation. Tliero arc 
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wide crevasses justifying guesses. Tliis brings us to the fundamental 
phase of our subject. 

A. The Soil Biophase and Disease 

The environment affects all things that live in tlie soil. Every or- 
ganism is acted upon directly or indirectly hy single environmenta 
factors or hy combinations of them. Any organism or combination or 
organisms influences directly or indirectly all or any of the parts oi the 
environment. Each living entity reflects the impact of every other living 
form or combination of forms. 



Fic. 1. Fundamental interrclalionslnps between the crop plant and its en- 
vironment 

There is, then, a complex interrelationship between (1) the physico- 
chemical nature of the soil; (2) the basic environmental factors of 
light, temperature, and moisture; (3) the microorganisms living in the 
soil; and (4) the crop plant growing in the soil. These relationships are 
shown in Fig. 1. 

An endless series of changes and complex interactions begin when a 
plant grows in soil. As the roots penetrate into the soil, excess water is 
lost through the transpiring leaves. Soil aeration increases. Fungi, 
strcptomycetes, and aerohic bacteria multiply; anaerobic bacteria wane. 
Tlic permeahilily of the soil increases, the pH shifts, and the chemistry 
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of the soil changes The quality and quantity of the soil population is 
altered Root secretions determine the character of the rhizosphere 
Minor elements are fi^ed or made available, and levels of nitrate and 
phosphate fluctuate Tlie plant responds, producing leaves which reduce 
light on tJie surface of the soil, and the surface soil temperature falls 
The microclimate is created The character of the sod surface population 
changes Tlie end result is a better or poorer plant to harvest 

This IS tlie framework within which soihborne disease develops and 
soil treatment C'certs its effect 

1. The Microbiological Balance 

In 1932 Weindlmg noted that Trichoderma vmde prevented the 
development of Rhtzoctoma solam in sod Introduce Trichoderma into 
steamed or acidified soil containing Blnzoctoma, and the pathogen is 
controlled Introduce Trichoderma into nonsteamcd neutral sod, and 
Rhizoctoma flourishes (Wemdlmg and Fawcett, 1936) The sod has its 
own system of checks and balances If green rye manure is plowed into 
field sod, Streptomyces scabies can be controlled (Mdlard and Taylor, 
1927) If the sod organisms are given something new to work on, they 
may take care of the problem in their own way 

In any agricultural soil for any given set of conditions in time and 
space an equilibrium tends to exist between the members of the biotic 
community (biophase) This equilibrium state is constantly altered by 
changes in the soil environment (Waksman, 1952, Martin and Aldrich, 
1954, Martin et al , 1957 ) These cJianges are usually the results of cuJ 
tural practices and the normal growth and death of crop plants 

Sometimes cataclysmic changes occur in the sod Heavy prolonged 
flnndjjxg, ox 'K'Ah. hfftatdfvi ac stnnm arn exampIpoS of treat- 

ments that cause such changes Under these conditions, new and some- 
times radically different equilibria succeed one another 

A microbiological balance can be favorable or unfavorable to the 
crop plant (Zagallo and Katznelson, 1957) This balance may supply the 
proper nutrients or make them unavailable It may sustain plant patho- 
gens or depress and inhibit them It can prevent an increase in the 
quantity of indigenous organisms or the establishment of exotic or- 
ganisms (Weindlmg and Fawcett, 1936, Park, 1955) Tins brings us to 
a consideration of the concept of plant sustainers and plant inhibitors 

2 Plant Sustainers and Inhibitors 

The soil biophase is a vast microcosm an endless arraj of genera, 
species, varieties, and races of microorganisms Tliese organisms h\o in 
a dark jungle m which all kinds of gaseous, liquid, and solid inorganic 
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and organic chemicals intermingle and interact Each and every one of 
these living entities have an important direct or indirect end effect on 
the developing crop plant Tins is the biotic community \\hich we treat 
with a nematocide or a fungicide 

Tliere are two zones of importance in the soil biophasc the more 
critical rluzosphere (near the root) and the less critical outside zone 
The organisms of the rhizosphere, principally bacteria and mycorrluzal 
fungi, differ in numbers and binds from those of the outside zone 
(Katznelson and Richardson, 1943) 

The activities of many soil organisms arc well-known The nutrient 
producers Azotohacter, Nitrosomonas, and Rhizohium fi\ nitrogen in a 
form available for use by plants, other bacteria increase the availability 
of sulfur, phosphorus, molybdenum, and iron (Waksman, 1952) 

Then, there are the important soil forming organisms the great hosts 
of bacteria and fungi that decompose carbohydrates, proteins, and fats 
There are the cellulose and lignin splitting fungi and bacteria, and those 
organisms which degrade hemicelluloses, pentosans, and lignocelluloses 
(Waksman, 1952, Bracken, 1955) The soil aggregators, the producers 
of mucin and polyuronides, are also present (Cornfield, 1955) 

We must not forget the plant pathogens the parasites, the toxin 
formers, and the nutrient competitors Pathogens of seedlings are here, 
such as Rhizoctonux and Pyfhium, the stem rotters, Phijtophthora and 
Fusarium, the root mvaders, Meloidogtjne and Verttcilhum There is the 
plant poisoner, Fenconia, and the tobacco distorter, Bacillus ceretis 
(Steinberg, 1956) There are also those microorganisms that war against 
plants by attrition These are the competitors for plant nutrients, such as 
the denitrifying Thwfanciffus (Waksman, 1952) and the phosphorus, 
molybdenum, zinc, manganese, iron, and copper-locking organisms 
(Thornton, 1956) 

So much for the direct effects, either beneficial or detrimental to 
the crop plant There are those organisms which exert their effects on the 
plant in indirect fashion Here we End the great group of antagonists and 
parasites of phytopathogens fungi such as species of Trtchoderma, 
Cephalothecium, and hosts of others, the fungal parasites of nematodes, 
Arthrohotnjs, and DacttjlelUi (Duddmgton, 1957) Antagonists of nu 
tnent formers and antagonists of antagonists are here Streptovujees 
lavendulae inhibits the nitrogen fixing Azotohacter, and Bacillus suhtihs 
poisons Cephalothcctum, which m turn antagonizes the plant parasite 
FJcImmthospormm (Waksman. 1947) 

Finally, there are even such organisms as Aerobacter, the tluamme 
foiroer, which stimulate and sustain other organisms, and thus m an 
benefit or inhibit the crop plant (Morton and Stroube, 
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A soil organism then, at a given moment in space and time either acts 
directly or indirectly to inhibit a crop plant or to sustain it. In other 
words, it is eitlier good or bad for the crop plant. It is never neutral. 
We can consider any inhabitant of the soil, therefore, to be either a 
plant sustainer or a plant inhibitor. This concept is shown in Fig. 2. This 
is a sunplification, since complex chain reactions and interrelationships 
are not indicated. 
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Unfavorable and favorable microbiological balances are determined 
by the dominance of either the inhibitors or sustainers present primarily 
in the rhizosphere. 

Finally, the role of any one organism is not necessarily fixed. Border- 
line types can shift their nature with a change of soil or crop conditions, 
becoming inhibitors instead of sustainers or sustainers instead of in- 
hibitors. Plow straw into soil, and Choefomium may build up. Under 
certain conditions Chaetomium is a good antagonist of phytopathogens. 
Too much Chaetomium may shift its dominant role from sustainer to 
inhibitor, since it can create a nitrogen deficiency by directly competing 
with the crop plant for this element. 

We are beginning to see why soil treatment with nematocides or 
fungicides can give unexpected responses. We need to loiow more about 
sustainers and inhibitors and the effects of soil biocides on the micro- 
biological balance. Our goal in soil treatment is not only the direct 
control of plant pathogens, hut also the changing of the microbiological 
equilibrium from the plant inhibitor to the plant sustainer side. 


3, The Norm and Disease 

When plants that arc considered normal for a given population show 
an unexpected growth response as a result of soil treatment with a 
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chemical, we find ourselves m a dilemma Either the chemical is killing 
or inhibiting soil pathogens or it is acting chemically to stimulate the 
plant m some unknown fashion It is difiBcult to consider the plants of the 
“normal’ untreated population as diseased, since our concept of a 
disease dictates that it should be a significant decline from the norm 
To avoid the disrupting implications of our finding, we speak of stimula- 
tion” or mcreased growth response ’ 

This situation is not new Oberlin in 1894, using carbon disulfide 
soil treatments to control Phylloxera in grape vineyards, noted un 
expected plant responses in fumigated sods (Loew, 1909) Oberlin, 
according to Loew, “recommended carbon bisulphid in cases where 
the soil ceased to produce in spile of rich manuring and the absence of 
parasites ” Loew also noted increased growth of plants in CSg-treated 
plots over that of control manured plots in the “absence of parasites ’ 
In the years following Loew’s observation many new fungus parasites 
of stems and roots were described The field work of Godfrey (1935), 
Young (1940), and Carter (1943) showed that favorable responses to 
soil treatment with such materials as carbon disulfide, chloropicrin, and 
dichloropropenc dichloropropane mixture were due largely to control of 
pathogenic soil nematodes and fungi 

Increased plant vigor in the apparent absence of pathogens has been 
noted in the control of ‘replant diseases” by soil fumigation (Martin 
cf al, 1953, Koch, 1955) From such results as these, Garrett (1956) 
concluded that “the normal crop is one that suffers an appreciable and 
regular degree of root damage by parasites” 

Wc can conclude tint "increased growth response” means control of 
unknowTi plant inhibitors m the rhizosphcrc Tliey may be ectoparasitic 
or endoparasitic forms, weakly pathogenic facultative saprophytes 
(Wenslcy, 1956), obscure obligate parasites, plant toxin formers, or 
nutrient competitors They may even be supposedly benign cndotropbic 
m\corrluzal fungi (Reed and Fremont, 1935) Knock the fleas off a dog 
and Its appetite uill improve 

It IS prolnhle that crop losses from such low grade plant inhibitors 
m i> 1)0 man> times greater than those recorded for the more spectacular 
plant pathogens Soil treatment mav eventually change our concept of 
plant health and disease Perhaps some day we will koiow just what a 
rt il!\ health) plant looks like 


1 Soil 7oncs of Attack 

All .0.1 Immc iliscisc Is cilhcr the result of root or l.-isil stem nltaa 
f sse sv.sl, to coulrol a sml ptlliogen In cl.cnucnl treatment, .t is oh- 
005 tint the chcmic-il slioold lie plaectl in the critical zone where 
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attack will occur. TIic position of this zone in the soil is determined by 
the presence of susceptible tissue as well as tlie pathogen (Garrett, 
1958). TJiis is elementary. However, elementary points are frequently 
overlooked. 

Tlic majority of plant pathogens, both as to numbers and kinds, are 
found in the upper 6 inches of the “A” horizon of the soil. This is the 
"surface soil.” Altliough there is considerable variation in soils, the “A” 
horizon usually constitutes the upper 12-24 inches Most of the organic 
material is usually in the upper 6 inches of this zone. The “A” horizon 
is the region of maximum salt leaching and most intense microbiological 
activity. The roots of most annuals and row crops are found in this 
horizon. Roots of biennials and perennials may extend into the “B” 
horizon or "sub-soil.” Tliis is the nonorganic soil zone, where maximum 
salt accumulation occurs. It lies below tiie "A” horizon and may extend 
to a depth of several feet. Only roots of woody perennials extend into the 
still deeper "C” horizon of wcatliered soil parental material ("non-sod”) 
perhaps at depths of 4 ft. and greater. 

At least of soil-borne diseases are initiated in the upper 3 in of 
the "A” horizon. The dominant diseases are seed and seedling rots 
caused principally by Pythium dehanjanum, Pythium uUimum, and 
Rhizoctonia solani. Basal stem rots caused by species of Pythium, 
Phytophthora, Pusarium, Sclerotinui, Helminthosporium, and Schrotium 
will also occur. Shallow root rots caused by such fungi as Aphanomyces 
occasionally are found. 

Below the 3-inch level in the "A” horizon the stem pathogens give 
way to root pathogens. Within the 3-12 in. depth we can add another 30% 
of disease. Here we can find the root rotters Phijtophthora cinnamomi 
and Fusarium solani, and the vascular invaders Fusarium oxijsporwn 
and Verticdlium cJ.ho-aWxvi. Here ako are die gall-forming and root- 
lesion nematodes Meloidogyne and Pratylenchus. 

Below the 12-inch depth and extending on down info the “B" 
horizon are the strict root pathogens. Embedded in decaying root tissues 
at these levels lies the desert root rotter Phymatotrichum omnicorum. 
Here also are Fomes, Verticillium. Meloidogyne, Tylenchulus, Praty- 
lenchus, and the oak root fungus Armillaria This constitutes the remain- 
ing 10% of soiI-borne pathogens. Of course, zonal distribution of diseases 
and organisms is not this definitive. Zones and organisms usually overlap. 

Garrett (1956) has rendered a great service in clearly defining the 
nature and role of soil- and root-invading fungi. The soil inhabitants, 
being able to survive indefinitely as saprophytes, are found primarily 
m the 0-6 inch soil zone. The root inhabitants, or those organisms unable 
to live saprophytically and perforce remaining in a dormant condition 
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in decayed roots, are found principally below the 6-mch zOTe. This 
presents an interesting problem. The soil inhabitants, being sha ower, 
are easier to reach with a biocidal treatment. They are harder to control, 
however, by virtue of their recolonizing ability. The root inhabitants, on 
the other hand, are more difficult to reach with a biocide, but are easier 
to control because of their relatively fixed position in the soil. 

To summarize, then, in order to control soil-borne disease with a 
biocide, we must Icnow the general soil zone where the pathogen we wish 
to control will make contact with the tissue of the host. This will help us 
to decide what chemical to use and also the method of application. 

B. Biocide-Soil Interactions 

When a chemical is added to the soil, there are two types of inter- 
actions which may occur: (1) the soil acts on the biocide to influence 
the physical, chemical, and biological properties of the introduced 
material, and (2) the biocide acts on and affects the components of the 
soil. 

The types of soil-biocide interactions that are encountered depend 
both upon the properties of the chemical and the soil. 

1. Effects of the Soil on the Biocide 

A biocide introduced into the soil is acted upon by the components of 
the soil which results in sorption, reaction with chemicals of the soil, 
and biological degradation. The degree of dispersion of the biocide in 
the soil is also affected, and in turn affects interactions. In these inter- 
actions the properties of the biocide and the soil are of equal importance. 
The interrelationships of these effects are shown in Fig. 3. 

As shown in Fig. 3, the interactions of sorption, chemical reaction, 
biological degradation, and dispersion are interrelated and interdepend- 
ent. Let us consider each of these effects in more detail. 

a. Sorption. When a gaseous toxicant which is introduced into soil 
is retained or held by the soil, wc consider that the chemical has been 
sorbed. Actually, this retention may be due to solution of the chemical 
in water or organic solvents in the soil, reaction with soil chemicals, or 
surface-binding attractions. TIic mechanisms which hold a chemical in 
the soil arc both physical and chemical in nature. Other than solution 
effects, those binding forces can be reduced to a matter of bonding. 
A chemical can be held by the components of soil by covalent bonding, 
ionic bonding, hydrogen bonding, or van dor Waal’s forces. Sorption in 
soil l)roadly may Ik; considered to be the result of any one or combina- 
tions of these forces. If covalent l)onding occurs between atoms, electrons 
are shared and there is a tnic chemical reaction. In ionic bonding salt 
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linkages are formed Since soil clay micelles are negatively charged 
cationic gronps are sorbed and held by Coulombic {orces Even anions 
under certain conditions are sorbed Pure physical sorption or adsorption 
is due to van der Waals forces (Toth 1955) The types of bonding 
reactions which occur will depend upon the physicochemical nature of 
both the soil and the introduced biocide 

Let us consider the influence of the components of the soil on 
sorption The principal sorbuig agent in the soil is the colloidal alumino 
clay micelle, which has a clay mineral core consistmg of sheets of silica 
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Fig S Interactions m the effects of the components of so I on the biocjde 
and alumina giving it its fundamental properties Although the mont 
moriUonite kaolinite or illite core forms the principal mass of the clay 
particle it may also contain organo silicate gel complexes (Grim 1953) 
The sorption of chemicals to soil micelles is influenced first by the 
nature of the mineral forming the core of the cHy particle (Jurimk 
1957) Nonpolar chemicals such as ethylene dibromide are less readily 
sorbed on montmonllonite than on kaolinite or illite (Jurinak and Vol 
man 1957) Montmonllonite because of its structure seems to offer less 
sorbing surface to nonpolar chemicals than kaolinite or ilhte do Water 
bound into the porous montmonllonite lattice seems to block mechani 
cally the sorption of nonpolar chemicals such as eth>lene dibromide 
(Call 1937a) 

Soil particle size is important in the sorption of chemicals The 
smaller the particle the more surface exposed and hence the greater 












442 


W A KRLUrZLU 


the degree of sorption The sorption of the soil fungicide chloropicrin 
increases with decrease of particle size (Stark, 1948) The more clay 
m a soil, the greater the degree of sorption 

Although cations are predominately sorbed into the outer shell ot 
clay micelles, anions can be sorbed under certain conditions The degree 
of anion sorption is influenced by the S 1 O 2 /R O 3 ratio or the ratio be- 
tween Si and A1 and/or Fe (Toth, 1955) The lower this ratio, t e 
greater the degree of amon sorption Soils containing halloysite, illite, 
or kaohnite clays should then sorb anionic materials more readily than 
those containing montmorillonite clays, since montmorillomte is highest 
in SiO Montmorillomte seems to sorb less nonionic and nonpolar 
chemicals than other clays 

One of the difficulties m interpieting much of the sorption research 
with clays and introduced organic chemicals is that in most cases the 
clays used are quite dry Clays in normal soil are not dry, and we know 
that the presence of water shells greatly aflrects sorption The research 
is of value, however, m that it does tell us something basic about the 
influence of the dominant clays on the sorption of organic chemicals 
Sorption IS affected by the degree of hydration or water content of 
clay micelles Highly polar chemicals such as allyl alcohol or formalde- 
hyde are more readily sorbed with increased micelle hydration and less 
sorbed as micelle hydration decreases On the other hand, water in- 
soluble and nonpolar chemicals such as methyl bromide, caibon disulfide, 
and ethylene dibromide are less readily sorbed ns micelle hydration in 
creases (Chisholm and Kobhtsky, 1943, Hannesson, 1945, Hanson and 
Nex, 1953) Ethylene dibromide actually can be desorbed from soil by 
water vapor (Call, 1957a) Tins is also true for dibromochloropropane 
In our studies with the nonpolar volatile fungicide chlorobromo- 
propene \vc found that it was sorbed far more tightly by an air-dned 
soil, than by soils of moderate or high moisture content Soil moisture 
levels appeared to be more important m determining the degree of 
sorption of this chemical than in varying the clay content of the soil 
One final point should he made on the effect of soil on sorption of 
introduced biocides Increased organic matter as a rule increases sorp- 
tion Tins appears to be tnic for dichloropropene dichloropropane mix- 
lum (Allen and Raski, 1930), mcllijl bromide (Munnecke and Ferguson, 
1933), and ctlnlenc dibromide (Siegel cl nl , 1931) According to Stark 
(1948), ho\\c\er, tins uas not true for chloropicrin 

Incrcasctl organic material increases the possibility of both covalent 
iKindiug and solution in sohents of an organic nature, therefore, uc 
v\ouhl not expect nil hiocidcs to respond alike Sorption of etlivlenc 
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dibromide and dichloropropene-dichloropropane mixture is increased 
more by the presence of organic matter in soil than by clay (Siegel et at, 
1951). The term “chemisorption*" has been used occasionally to describe 
the type of sorption involved in such cases. This word is confusing even 
to the chemists. It therefore should be expunged from usage and buried 
under 6 ft, of clay loam. 

We are now ready to consider the mfluence of the biocide on sorp- 
tion. A chemical capable of forming covalent bonds with a wide variety 
of materials will be bound readily by soil. This is due to the complexing 
of the chemical with organo-gels and reaction with free chemicals in 
solution in the soil. Fuhr et al (1948) noted that HjS, HCN, SOj, and 
COCI 2 were strongly sorbed by soils, whereas CHsBr, CO, and CS 2 were 
not. In general, chemicals which readily form covalent bonds with a 
variety of organic materials are not useful as soil biocides. 

Materials that readily ionize or tend to form ionic bonds are usually 
strongly sorbed by soils. This is especially true of cationic materials. 
For example, NH3, which is a fairly good volatile fungicide, will not 
serve double duty in the soil as a biocide and as a fertilizer Ammonia is 
bound into the outer shell of clay micelles because of its positive charge 
Cationic detergents are adsorbed in soil more readily than anionic or 
nonionic detergents (Ivarson and Framer, 1956). It follows that emulsi- 
fied aqueous drenches of biocides to be used on soil should contain 
nonionic or, at most, anionic detergents. 

An interesting sidelight on the problem of ionically bound materials 
is the effect of soil pH on amphoteric substances Amphoteric materials, 
such as proteins, are affected by soil pH and can be bound as cations — 
especially by montmorillonite (Toth, 1955; Ensminger and Gieseking, 
1942). Large complex cations in the molecules of streptomycin, tyro- 
thricin, subtilin, and streptotliricin are sorbed by soils (Siminoff and 
Gottlieb, 1951). This is why most basic antibiotics will not work as soil 
fungicides. 

It has already been mentioned that polar and nonpolar compounds 
may vary considerably in their sorptive properties, A good general rule 
seems to be that sorption of polar chemicals increases ^vith increase in 
soil moisture, while the reverse is true in the case of nonpolar materials. 

It is recognized that a certain degree of retention or sorption will 
always occur when biocides are introduced into soils. Under certain 
conditions sorption may be advantageous, as in the case ulicrc ethylene 
dibromide is sorbed to dry soil and is gradually released as soil moisture 
increases. In general, however, sorption of the biocide by components of 
the soil is undesirable. Tlie greater the degree of sorption, the loner the 
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efficiency of the introduced nematocide or fungicide. It follows that 
materials which are highly sorbed by soils are unsuitable as soil biocides. 
A biocide sorbed by soil is not going anywhere. 

b. Chemical Reaction. Little is Icnovvn regarding the fate of nemato- 
cides and fungicides which have been introduced into soil. When bio- 
cides are sorbed to the organic-mineral fraction of the soil, they may 
undergo chemical reactions and/or be attacked by resistant micro- 
organisms which utilize the biocide or a degraded form of the biocide 
as a source of energy. We know something about the chemical reactivity 
of the biocides which are introduced into soil. There are, therefore, some 
predictable reactions. 

Nematocides and fungicides introduced into the soil represent a 
wide range of chemical structures. The types of chemicals used include 
halogenated aliphatic saturated and unsaturated hydrocarbons, alde- 
hydes, unsaturated alcohols, halogenated nitrobenzenes, halogenated 
quinones, heterocyclic materials, dithiocarbamates, and organo-metallic 
compounds. 

The halogenated aliphatic saturated hydrocarbons are represented by 
such chemicals as the general biocide methyl bromide (CHaBr) and the 
nematocides ethylene dibromide (CHsBrCHzBr) and l,2-dibromo-3- 
chloropropane (CH.BrCHBrCHjCl). Methyl bromide, which is an 
extremely volatile biocide having a vapor pressure of 1420 mm. of Hg at 
20° C., will escape quickly from soil unless held by a seal. It is the most 
reactive of this group of relatively nonreactive chemicals. If sealed in 
the soil, some of the methyl bromide should react with the basic amines 
in organic material, acting as a methylating agent to produce methyl- 
ammonium bromide derivatives. Tlie dissociating hydrobromide should 
then be converted into inorganic bromides; 


(+) (-) 

CII,13r + RNII,-»RNHCH,- 11 Br (1) 

RNUCIJi • IIBr + Na,CO, -+ NaBr -f- IhCOt + RNHCIIi 

Tliis same t>’pe of reaction should occur bct^veen methyl bromide 
and organic material containing — SH groups, as follows: 

CII,Br + RSH-+ItSCn, + IIBr (2) 

Direct Iiydrolysis of mctliyl bromido would bo an unlikely reaction, 
hut it could ocCTir in this manner: 


CHjUr + noil -* CII,01I + IIBr (3) 

Tlic llllr in all c.iscs should react to form inorganic bromides. 

Tire nematocides ctliylcnc dn>romidc and l,2-dibromo-3-cliloropro- 
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pane are considerably less reactive as well as less volatile than methyl 
bromide, however, their longer carbon chams should increase van der 
Waal’s bonding forces (Albert, 1951) If sorbed or otherwise held m 
the soil, these chemicals could undergo reactions typical of equations 
(1), (2), and (3), and also may enter mto a fourth reaction known as 
dehydrohalogenation (DeWolfe and Young, 1956) This can be illus 
trated using ethylene dibromide 

CfIjBrCHjBr -» CH,=CHBr + HBr (4) 

The vinyl bromine atom remaining can then be removed by hy- 
drolysis, forming the corresponding alcohol 

The olefinic halogenated hydrocarbons are represented by the ne 
matocides 1,3 dichloropropene (CHCI=CHCH2C1) and 14dichIoro2 
butene (GH 2 C 1 CH=CHCH 2 CI), and the fungicides allyl bromide 
(GH 2 =:CHCH 2 Br) and 1 chloro 3 bromopropene (CHGI^CHCHaBr) 
Because of the double bond, these materials are far more reactive than 
corresponding saturated aliphatic halides (DeWolfe and Young, 1956) 
The halogen, activated by virtue of the double bond, insures reaction 
with organic constituents such as — SH groups 

If these halogenated olefins are retained m the soil by slow volatiliza 
tion and/or sorption, they should undergo reactions in the following 
preferred order hydrolysis to form corresponding unsaturated alcohols 
(Hatch and Moore, 1944) and reactions with amine and thiol groups in 
organic matter similar to those m equations (1) and (2) (Doner, 1933) 

At this point the historically important soil fumigant carbon disulfide 
is worthy of bnef discussion Dimond and Horsfall (1944) showed that 
the fungicidal action of carbon disulfide was enhanced by the addition 
of dimethylamine There may be a very good explanation of this phe 
nomenou 1£ held by the soil, carbon disulfide should react with organic 
amines as follows 

CS2 +2RNH,->RNHG(S)SH H^NR (5) 

The dithiocarbamate resultmg from this reaction might then decom 
pose to form RN=C=:S wife its potential fungicidal isothzocyanate 
grouping In other reactions involving carbon disulfide, metallic sulfides 
of the RNC(S)SM type could be formed 

Another important group of compounds are the well known difhio- 
carbamates These materials are principally fungicides, the most effects e 
being tetramethyl thiuramdisulfide 

(CH,),NCSSCN(Cn,), 

1 1 
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disodium ethylene bisdithiocarbamate 

Na— SCNHCUjCHjNHCS— Na 



and sodium A^-methyl dithiocarbamatc, 

CHiNIICSNa 

I 

These materials owe their activity to the formation of volatile and 
highly biocidal isothiocyanates (van der Kerk, 1956): 

IlNHCSH^niS + nN=C=S (0) 

I 


A new fungicidal and nematocidal soil biocide, 3,5-dimethyltetra- 
hydro-1,3, 5, 2H-thtadiazine-2-thione, which is essentially a cyclic dithio- 
carbamate, breaks down in soil to form methyl isolhiocyanate (Torgeson 
et al, 1957): 


S 

H,C^ 

CH.— A OH. 

Hi 


HiS + 2CH,0 + CII.NH, + CH,N».C=S (7) 


It is also likely that the experimental nematocide 3-p-chlorophenyl- 
5-methyl rhodanine changes by hydrolytic reaction in the soil to form an 
isothiocyanate. The expected reaction, according to van der Kerk (1956), 
would be: 


R— N C^O S 

i ! 11 

S=C CH, + H,0 ^ RNSCSCH,CX)OH T=t RN=C=S -|- HSCH^COOH (8) 

It appears then that wherever the 

— NH— C— S— 

i 


linkage is involved, a volatile chemical of the RN=C=S type is formed. 
From a biocidal standpoint, this is a potentiation effect even though it 
involves an actual degradation of the chemical in the soil. This is a 
very handy reaction indeed. 

One further point should be made before leaving the dithiocarbam- 
ates. Nabam, or disodium ethylene bisdithiocarbamate, is unstable 
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(Horsfall, 1956) The heavy metal analogs of nabam, such as zmeb or 
maneb, are better fungicides than the sodium salt Being insoluble in 
water, however, the heavy metal salts are diflicult to distribute in the 
soil Barratt and Horsfall (1947) showed that in the presence of CO 2 
the sodium in nabam will exchange for heavy bivalent metals Such a 
reaction could occur in this fashion 


NaSCNHCH, 

NaSCNHtltH, 

I 


s 

^Ijnhch, 

SCNHOH, 


T ■ + ZiiSO,-.Zn<' +(Na),SO, 


( 0 ) 


The formatjon of such heavy metaJ salts might improve the per 
formance of nabam m the soil 

In summary, in the case of highly volatile materials chemical re 
actions may occur only to a limited extent This is because the chemical 
may be lost from the soil m a matter of hours This is not true m the case 
of nonvolatile materials or compounds with low vapor pressure These 
residual chemicals are subject to chemical reactions 

Irrespective of the degree of chemical alteration in soil the biocides 
which are introduced into the soil will be attacked by various micro 
organisms, which utihze what is left as a source of energy as the chemi 
cal IS slowly broken down to simple sulfides, halides, ammonia, carbon 
dioxide, and water 

c Biological Degradation Soil chemical reactions and biological 
degradations probably occur simultaneously and act jointly to break 
down the organic biocide to form simple inorganic salts, water, and 
carbon dioxide Almost any chemical remaming in the soil for any ex 
tended period of time wall be acted upon by microorganisms and 
utilized 

In 1946 Zobell stated that ‘nearly a hundred species of bacteria, 
yeasts, and molds representing thuiy genera have been described which 
attack one or more kinds of hydrocarbons ” The passage of time since 
Zobell’s paper was published has but served to increase both the num- 
bers and kmds of degrading microorganisms as well as the chemicals 
attacked In summary, we can only agree with Thornton and MeiUe- 
johns (1957) statement that “there are few substances which are so 
insoluble, or so toxic that soil mica-oorganlsms cannot dispose of them ” 

A biocide is never a permanent fixture m the soil For tint matter, 
nothing IS 

d Diffusion Dispersion in soil can mean the success or failure of a 
fungicide or a nematocide If a chemical is not mechanicallj mixed into 
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a soil, there are only two ways through which it can be distributed: (1) 
dispersion m water solution or (2) diffusion as a vapor. There arc two 
primary factors which iniluence diffusion. These arc: the chemical and 
physical nature of the diffusing materials and the nature of the medium 
in which the material diffuses. In our case, the diffusing material is the 
biocide, and the medium in which it diffuses is the soil. Tlie biocide and 
the soil may interact, bringing about sorption and chemical reactions 
which affect the degree of diffusion. 

Let us consider first the influence of the chemical itself on its dis- 
persion through the soil. The three basic properties of a soil biocide 
involved are. vapor pressure, water solubility, and bonding properties 
or general reactivity. 

First, there are those biocides, which in order to be effective must 
penetrate soil as water solutions, Tbese would include volatile but highly 
watCT soluble chemicals such as allyl alcohol and formaldehyde as well 
sodium ethylene bisdilhiocarbamate and sodium N- 
methyl dithiocarbamate. 

Nonvolatile and water insoluble fungicides such as maneb, zineb, 
and captan must be mechanically mixed with soil for effective results 
(Kendrick and Zentmyer, 1957). 

Most of the information on diffusion comes from the work on bio- 
cides, or soil fumigants, which move in the soil in vapor phase. The 
potential diffusibflity of a volatile biocide in soil is enhanced by high 
vapor pressure, low bonding properties, and low water solubility. The 
degree of diffusion of a chemical through soil as a gas is reduced with 
decrease in vapor pressure, increase in bonding properties, and increase 
in water solubility. This is a good general rule to remember. 

Increased quantities of chemical introduced into soil increase the 
degree of gaseous diffusion. This has been observed for carbon disulfide 
(Bliss, 1948) and for dichloropropene-dichloropropane mixture (Baines 
etal,1956). 


'^e second over-all important factor in the d iffusion o f a biocidal 
fumigant is the nature of the medium in which the diffusion occurs— 
soil tactors ar e porolitPT tTbe and 

s^uanre, compaction, moisture content,' antTfemperaiTirc "= 

fa'ct^' n '■^f^S'ffSF^rosity ir^E^st'important soil 

factor m diffusion (Call, 1957b; Hanson and Nex, 1953). In Reneral the 
more porous the soil, the greater the degree of gaseous diffusL Factors 
such .as soil typo soil moisture content, .and soil compaction influence 

(Baines ct nf *^®™P’‘opcne-dich]oropropane mixture 

tliamcs cf al, 19o6). and chloropicrin (Stark, 1948) all diffuse best in 
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sandy soils, and ieast in clay soils This may not be entirely a matter of 
porosity, it will be recognized that sorption may also be involved 
The texture and stru cture of a soil may influence the movement of 
a gaseous” material m the" soil The lighter the texture, the better the 
gaseous flow of a soil fumigant (Hannesson, 1945) 

Soil compaction also affects soil porosity The greater the compaction, 
the less permeable the soil to the movement of volatile chemicals (Hagan, 
1941). "A combmation of ram and the use of heavy farm machinery 
brmgs about maximum compaction of the soil Judging from some of the 
agricultural practices in the western United States, one is inclined to 
beheve that an effort is being made to attain this goal 

The plow sole is a compacted layer commonly encountered 8-12 m 
below the surface of the soil It is formed by mechanical compaction 
and the deposition of mineral salts This hardened layer is impermeable 
to carbon disulfide, ethylene dibromrde, dichloropropene dichloropropane 
mixture, and chlorobromopropene (Hagan 1941, Throne, 1951, Jensen 
et at, 1954) 

Increased water content of soils decreases th eir porosity This m turn 
interferes with the movement of nonpolar chemicals by mechanical 
blockage This is an old observation Sabate one of the pioneers m the 
use of carbon disulfide, is quoted by French (1893) as stating ‘never 
inject a solution into damp soil, because the diffusion of the poisonous 
gases has no effect beyond the sides of the hole made by the injector " 
High soil moisture impedes the diffusion of carbon disulfide (Tliomas 
and Lawyer, 1939), dichloropropene and ethylene dibromide (Siegel 
et at, 1951, Call, 1957b), dichloropropene dichloropropane mixture 
(Schmidt, 1947), and chloropicrm (Stark, 1948) 

Even moderate soil moishire mterferes with the movement of polar 
chemicals In our studies we learned tha} even sod moistures of 50^ 
of the moisture equivalent reduce the diffusion of allyl alcohol and other 
volatile polar materials in the soil Contrarmise, the movement of non- 
polar materials shows no interference until the soil moisture content 
equals or exceeds the soil moisture equivalent 

Soil temperature also affects the diffusion of volatile soil biocides 
With an increase iiTsoiI temperature the diffusion of ethylene dibromide, 
chloropicrm, and dichloropropene is accelerated (Hanson and Ncr, 

1953 McClelhn et a! , 1949) This would ho an expected response m ac- 
cordance with the gas laws 

A discussion of diffusion would not be complete without some con- 
sideration of diffusion patterns of soil fumigants \Micn a \ohtilo chemi- 
cal IS applied in the sod at a single point, it diffuses as a gas outw ard 
from this point forming a pattern of definite size and shape Tlic sire 
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and shape of the pattern is usually determined by the limits of biocidal 
eSectiveness The radius of the pattern has been called the “h value 
(Taylor, 1939) 

We know something about the general diffusibihty of fumigants m 
soil and the shape which diffusion patterns assume If a volatile chemical 
IS injected in the soil at a standard depth of 6-7 in the pattern which 
forms at first is elongated or prolate in shape Gradually the chemical 
extends laterally and as the pattern becomes larger, it tends to appear 
flattened or becomes oblate Siegel et al (1951) observed this sequence 
with ethylene dibromide and 1 3 dichloropropene We have observed this 
effect also m using cbloropicrm and other materials 

Diffusion pattern data — unless related to all of the factors which 
influence diffusion — are difficult to interpret Comparisons cannot be 
made between chemicals unless tests are conducted under identical 
conditions Recently we compared the diffusion patterns of allyl alcohol 
and chloropicrm, following mjections in a sandy loam soil m optimum 
planting condition Allyl alcohol at a dosage of 1 0 ml gave a spherical 
pattern with a maximum radius of only 2 inches Chloropicrm, using 0 5 
ml of material, gave an oblate pattern with a maxunum radius of 10 
inches 

The type of pattern formed is influenced also by the presence or 
absence of a soil ‘ seal ” As a general rule, if a fumigant is not sealed 
into the soil by use of surface watenng or a surface cover, a lethal con 
centration of fumigant fails to build up m the top 2-mch zone This 
has been noted following the use of carbon disulfide (Higgms and 
Pollard, 1937), chloropicrm (Stark, 1948), dichloropropene dichloro 
propane mixture (Allen and Raski, 1950), and dibromochloropropane 
(Ichikawa et al, 1955) 

Chemicals differ markedly in the speed with which diffusion patterns 
form Methyl bromide and chloropicrm diffuse rapidly, dibromochloro- 
propine appears to move slowly Ichikawa et al (1955) found tint 
dibromochloropropine injected at the rate of 0 22 ml per foot m field 
tests attuned its maximum diffusion radius of 15 inches 9 weeks after 
application 

One of the most important factors determining the depth of fumi- 
gant penetration into soil is the quantity of material used Baines ct al 
(1930) using dichloropropene dichloropropane mixture in sandy loam 
soil for the control of the citrus nematode Tylcnchuhis semipenctrans 
Found that 45 gallons of chemical per acre were needed to control 
nematodes to a depth of 3 ft To obtain control at 6 ft , however, 80 
gallons per acre were required Other sUidies of this general type giving 
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comparable results have been made using carbon disulfide (Thomas and 
Lawyer, 1939, Bliss, 1948) 

It IS evident that more comparative and carefully controlled ivorh on 
diffusion patterns is needed 

2 Effects of the Biocide on the Soil 

Previously we have been considering die influence of the soil on tlie 
biocide We have seen that these soil effects depend upon not only the 
physical and chemical nature of the biocide, but the nature and con 
dition of the soil as well 

It IS now the time to take the reverse position and examine the 
impact of the biocide on the soil and its components This is a large 
order It involves the action of the introduced chemical on (1) the 
chemical composition of the soil, (2) the physical constitution of die 
soil, and (3) the living portion of the soil or the biophase 



Fic 4 Effects of the Inocicic on the soil 
Tile influence of the introduced biocidc on the cliemical composition 
of soil can be separated into effects on soil pIJ, silt content, tone 
residues, minor element content, and major nulnont content Tlic effect 
on the physical constitution of soil in\ohcs soil pcrmoabihlj and aggre* 
gition The most important action of the biocide on soil, liouevcr, is 
on the sustamers and inhibitors m the bioplnse Tins m\olvts the im 
portant end rcsult~tlnt of control of plant pathogens 

The influence of the biocide on the soil and its comjwntnt pirts arc 
sliowm in Fig 4 

The biocidc acts on the bioplnse. which in turn mfluencfs tfie ciiniii 
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cal and physical constitution of the soil. The cliemical and physical 
constitutions of the soil may be directly affected by the biocide, and in 
turn affect each other as well as the biophase. 

Some of these influences shown are Icnown; some are merely postu- 
lated. Some are minor; some are major. 

a. Effects of the Biocide on the Chemical Composition of the Sod. 
The principal actions of the biocide on the chemistry of the soil are on 
the salt content, major and minor element composition, and organic 
content. 

The effect on major and minor elements is actually indirect for the 
most part, since microorganisms are involved in the formation, binding, 
or releasing of these plant nutrients. Since the end result is on the chem- 
ical composition of the soil, wc shall discuss the biocide’s influence on 
major and minor element content here instead of under the Impact of 
the Biocide on the Living Portion of the Soil.” 

Let us consider minor elements first. There are considerable data in 
the literature showing that rhizosphere flora and organic matter in soils 
can bind manganese, thus making it unavailable to the crop plant (Ger- 
retsen, 1937; Heintze and Mann, 1949). There is also little doubt that 
zinc, iron, molybdenum, and copper arc bound and released by soil 
organisms (Tliomton, 1936). 

Treatment of the soil with volatile biocides temporarily increases the 
quantity of minor elements in the soil by killing organisms capable of 
binding these elements. Manganese deficiency has been overcome by 
treatment of soil with ethylene dibromidc and dichloropropene-dichloro- 
propane mixhirc (Martin ct al, 1953). On the other hand, toxic levels 
of both copper and manganese have been released following soil treat- 
ment with chloropicrin (D,ilton and Ilunvitz, 1948). 

Tlicrc is a good dc.al of information available on the effect of soil 
treatment on major nutrients. Tlic greatest volume of data is on the 
subject of nitrogen. Soil fumigation, especially with biocides such as 
chloropicrin and dichloropropenc, inhibits and kills nitrifying organisms. 
On the other hand, the wide variety and typos of ammonia-forming 
microorganisms permits an c.scapc of resistant ammonifiers and their 
TOnsixiuent rapid build-up following soil fumigation (Tam and Clark, 
1913; Ncsvhall. 1933). 

Tlie calcium content of a soil also can be affected by soil treatment. 
• ‘rci ami M.irtin (1932) noted a ternporaiy' increase in soluble c-.d- 
emm In citrus soils trealetl with dlchloropropene-dichloropropanc mlx- 
«un‘ and chloropicrin. 

Soil fumii’.tnls nbo c;m alter tlic quantity and quality of sails in 
s»i . inorg.mic chlorides and bromides arc eventtj.ally formctl in sm.al! 
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amounts in the soil by hydrolysis or dehydrohalogenation following the 
application of nematocides and fungicides of the halogenated hydro- 
carbon type. Although the quantities of such materials formed are not 
great, they can be unfavorable to certain types of halogen-sensitiv'e 
plants. Phytotoxic residues have been formed, especially by bromine- 
containing fumigants such as methyl bromide, ethylene dibromide, and 
chlorobromopropene. Bromine-sensitive plants include Saloia, Dianthus, 
Antirrhinum, Allium and Cttms (Williamson, 1953, Martin et al, 1956). 
No adverse effects, except in the case of tobacco, have been reported 
for increased chlorides resulting from fumigation with chlorine-contain- 
ing hydrocarbons (Gaines and Graham, 1953). 

Finally, biocides may be sorbed to form complexes with the organo- 
mineral colloids of the sod. These materials which are formed are there- 
fore of indefinite and complex composition, and undoubtedly have a 
marked effect on the chemistry of the soil zones in their immediate 
vicinity. 

b. The Biocide and the Physical Constitution of the Soil. There is 
no evidence to show that soil biocides have a significant influence on the 
physical constitution of soil. 

Aggregating substances such as polyuronides temporardy can increase 
following soil fumigation with chloropicrin, dichloropropenc-dfchloro- 
propane mixture, and ethylene dibromide Theoretically, however, aggre- 
gation should be decreased by repealed treatments of sod witliout addi- 
tions of organic matter (Marlin and Aldrich, 1952). 

No adverse results on permeability or structure have been ohscn’cd 
following treatment of soil with biocides. 

We can conclude that tlie influence of biocides on the physical struc- 
ture of soil is negligible. 

c. Impact of the Biocide on the Living Portion of the Soil. When 
a biocide is added to the soil to control pathogenic nematodes or funci, 
the biophase is distorted. The shotgun blast of the chemical info the 
heterogeneous soil population makes l/ttlo distinction bctwrrn friends 
and foes. Some plant inhibitors and suslaincrs are killed oulriqht; some 
are prevented from further growth; while still others may not be greatly 
affected. Tlic organisms which escape tend to multiply. Tlie hioloiiical 
equilibrium is changed for better or for worse (Martin, 1950). 

Not only do fungi differ in their smeeptihihty to h/ocidev. l;ut thei* 
differ in their capacities to recoloni/c fumigated soils, rcnicilliitm has 
been obserxed to increase in soils previously treated with chloropicrin 
(Katznclson and Richardson. or carI>on disulfide (Garrett. I9o») 

or even tctramclliyl thiuramdisulfidc (Rickirdson. 1951). Trlr/iodrrvfft 
viride, the famed antagonist, has Itccn found to l>e the dominant rec»jl- 
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onizer of soils treated with formaldehyde (Mollison, 1953), chloropicrin 
(Smith, 1939), dichloropropene-dichloropropane mixture (Marlin, 1950), 
allyl alcohol (Overman and Burgis, 1956), and tetramelhyl thiuram- 
disulfide (Richardson, 1954). Trichodcrma virUle develops rapidly in 
soils fumigated with carbon disulfide, thereby controlling the oah root 
fungus Armillaria mcllea by antagonistic action (Bliss, 1948). The reason 
for the stimulation of T. viride may be in a shift in the microbiological 
equilibrium. 

Actinomyceles and bacteria arc generally more resistant to the effect 
of soil biocides than are fungi, and frequently increase in soils which 
have been fumigated with chloropicrin (Mojc et al., 1957; Katznelson 
and Richardson, 1943). Martin and Aldrich (1952) found that bacteria 
increased in alkaline soils, and fungi dominated in acid soils treated with 
chloropicrin, carbon disulfide, and dichloropropene-dichloropropane mix- 
ture. This manifestation is not limited to volatile biocides. Bacterial popu- 
lations of soils increased following soil treatment with tetramethyl 
thmramdisulfide (Cram and Vaartaja, 1957). 

Some of the changes in the biophase following fumigation are not 
beneficial. Soil fungicides such as allyl alcohol, formaldehyde, methyl 
bromide, and sodium iV-melhyl ditbiocarbamate apparently have a 
deleterious effect on mycorrhizal fungi (Wilde and Persidsky, 1956, 
Hacskaylo and Palmer, 1957). 

Other unfavorable results are those of disease accentuation and dis- 
ease exchange. Collectively, this might be called the boomerang phenom- 
enon. Accentuation of disease can occur as a result of soil treatment for 
the control of soil inhabitants. We have observed rapid reinvasion of 
soils treated with chloropicrin and chlorobromopropene by Rhizoctorda 
soJani and specie.s of Fpthisjm, Disease accentuatiew freon dampijig-o^ 
organisms has resulted following the use of organic mercurials (Gibson, 
1956). Such effects are undoubtedly the result of the killing or inhibi- 
tion of antagonists, permitting the reinvadmg pathogen to grow speedily 
through the soil without biological opposition. 

An interesting boomerang effect was observed by H. C. Smith, ac- 
cording to Garrett (1956). Smith found that the pathogen antagonist 
Trichoderma viride increased in a fumigated soil. If, however, Pythium 
ultimiitn Was introduced into this treated soil, it gave greater damage 
than in untreated soils. A likely reason for this effect was not only the 
direct removal of Pythium antagonists by the chemical, but the inhibi- 
tory effect of TricJiodcrmo uiridc on surviving antagonists such as 
Rhizoctonla. Butler (1957) has shmvn that R. solani parasitizes species 
of Pythium. In investigating Butler's claim we found that Rhizoctonia 
sohni had a definite antagonist effect on Pythium ultimum when both 
fungi were added simultaneously to steamed soil. 
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There are numerous cases of disease trading following soil treatment 
Soil treatments with chlorobromopropene controlled bulb rot of iris, 
caused by Sclerottum rolfsii, but increased infection induced by bulb 
borne Fusarium (Haasis, 1952) The situation was corrected by formal 
dehyde treatment of the bulbs Fumigation of the soil apparently re 
moved the natural antagonists of Fusanum 

Disease trading should be more marked when specific and non 
volatile fungicides are used Frequently, we have observed increased 
severity m attack of sugar beet seedlings by Pythtum uUimum and P 
aphamdermatum following soil treatment with pentachloronitrobenzene 
for the control of Rhtzoctoma Fulton et al (1956) observed that al 
though chloronitrobenzene eliminated Rhtzoctoma sohnt and Macro 
phomina phaseoli in soils, it increased the incidence of disease in cotton 
seedlings, caused by Fusanum montUforme and Collctotnchum gossypn 
Organic mercurials can also produce a disease exchange Gibson (1953) 
observed that the use of these fungicides decreased pre emergence losses 
m beds of groundnut seedlings, but increased subsequent damage from 
crown rot, caused b)^ Aspergillus mger In this case Aspergillus ntger 
was apparently less susceptible to mercury poisoning thin its antagonists 
All of these efFeots are due to shifts in the microbiological equilibrium 
The end result seems to depend for the most part on (a) the relative 
degree of susceptibility or resistance of plant sustniners and inhibitors 
to chemical poisoning, and (b) assuming equal susceptibility to this 
poisoning, their relative abihty to recolonize the soil swiftly as sapro 
phytes We have a lot to leam m this uncharted territory 

This brings us to the practical phases of disease control by chemical 
treatment, which is still a result of the effect of the biocide on tlie living 
components of soil 

III PnAcncAL Aspects 

We are now ready to consider the practical phases of disease control 
by soil treatment Major emphasis will be placed on chemical treat- 
ments the compounds in use. their properties and methods of applica- 
tion A brief discussion on heat treatment is included 

First let us review the beginnings of chemical treatments for the 
control of soil pathogens There is a little histor>’ tint is worth recount 
ing It represents hard work and thought o\cr a 90 \car period 

A History of Chemical Treatments 
Soil treatment with ncmatocides and fungicides Jnd Us Iicijinninqs 
in applied cnlomolog\ in 1S69 in the researches of Tlicmrd and 
Moncsticr and his co workers m 1873 (Flcminq and Dakcr, 103.7. X^n^- 
Inll 1955) TIic dcstnictnc PhyUoxcra ihrcatcnotl the \anc\ards of 
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Europe. To combat this pest, soil fumigation with carbon disulfide was 
introduced. 

Some fields which were free of Phylloxera were treated. Vines grow- 
ing in these fumigated fields showed a surprising increase in vigor. This 
“extra kick” reaction was observed by Sabat6, who was so impressed 
that he wrote “sulfur of carbon . . . becomes a necessity for the strength- 
ening of vegetable growth” (French, 1893). 

By 1900, however, following the introduction of P/iyl/oxcm-rcsistant 
rootstocks into European vineyards interest in carbon disulfide soil 
fumigation had faded away (Newhall, 1955). A huge stride forward had 
been made in chemical control, however. The idea of soil treatment with 
chemicals for soil pests was established. 

In 1891 Thaxter dusted sulfur into the open furrows in which onion 
seeds were being planted for the control of UrocysHs. This was the first 
application of a soil fungicide (Horsfall, 1956). Tliis was followed by 
Selby’s successful work in 1900 for the control of onion smut, using the 
formaldehyde drip-in-the-row method, and his formaldehyde water- 
drench on soil to control Rhizoctonia solanl in 1906. 

A new avenue for the control of soil pathogens was opened next by 
Riehm m 1913, who made his great discovery that the treatment of wheat 
seed with chlorophenol mercury would control bunt. It is doubtful 
whether Riehm realized the dual nature of organic mercurial seed treat- 
ment. that of disinfesting not only the seed coat, but a small zone of 
soil surrounding the seed as well. 

The concept of killing pests in chemical vapor phase had not been 
forgotten As a result of World War I, large stocks of the war gas 
chloropicrin were on hand in 1917 (Newhall, 1955). Within the next 3 
years it was discovered that the vapors of chloropicrin were toxic to 
both insects and fungi (Moore, 1918; Bertrand and Rosenblatt, 1920). 

A crisis in the pineapple industry in Hawaii set the stage for the 
large scale use of soil fumigants (Newhall, 1955). Pineapple yields had 
deteriorated over the years, and Hawaiian researchers were ready to 
apply anything to correct the “sick” soils. The first successful soil treat- 
ments were made by Johnson and Godfrey (1932), using chloropicrin. 
Within the next 3 years Godfrey (1934, 1935, 1936) demonstrated that 
chloropicrin, if used with a paper soil seal, was not only an effective 
soil nematocide, but a soil fungicide as well. 

Investigators began to cast around for other types of potential volatile 
soil fumigants. Richardson and Johnson in 1935 had demonstrated that 
the vapors of methyl bromide were highly toxic to insects. Following 
this lead. Taylor and McBetli (1940) found that if methyl bromide was 
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injected into soil and covered witli a paper seal, it would control root 
knot nematodes. 

All tlic research done thus far was informative, but the cost of appli- 
cation \vas evcessive except for high value crops. 

The first practical breaktlirough came in Carter’s discovery in 1943 
of the remarkable nematocidal and “growing promoting” properties of 
the cheap, crude, dichloropropene-didiJoropropane mivture following its 
use in the pineapple fields of Hawaii. The second break came in 
Christie’s discovery in 1945 that ethylene dibromfde, another cheap 
material, was a highly effective nemalocide. The long-suffermg nematol- 
ogists, who had been shouting since the days of Cobb (1914) about the 
general seriousness of the nematode problem, at last bad practical tools 
to prove their contentions. 

The applied mycologists had not been idle during this period. In 
the early 1930’s the chloronitrobenzenes were introduced. Brown, in 
1935, found that they were effective as soil treatments against clubroot 
and damping-off pathogens of crucifers. These relatively nonvolatile 
chemicals were tested in the following years by various European investi- 
gators for the control of Sclerotiiiia mtnor (Wasewitz, 1937), Sclerottum 
tuUparttm (Buddin, 1937), Streptomijccs scabies (Meyer, 1940), and 
Rhizoctonia solani (Smieton and Brown, 1940). Smieton and Brown first 
noted that pentachloronitrobenzene was ineffective against Pt/thium We 
now know that pentachloronitrobenzene is quite specific in its action 
(Kendrick and Middleton, 1954). 

Selby’s row-application concept was revived about this time by 
Horsfall (1938), who in conducting tests with formalin and copper sul- 
fate for the control of dampmg-off of seedlings observed that “chemical 
drips in the row show distinct promise especially m the field.” This con- 
cept was still good, all that was needed were newer and better materials 
for the row-application researches of Leach and Snyder (1947), Hilde- 
brand ef at. (1949), and Watson (1951). The discovery of the thiuram 
sulfides and metallic methyl dithiocarbamates (Tisdale and Williams, 
1934), the metallic ethylene bisdifhiocarbamates (Dimond et al , 1943), 
and the tetrahydrophthalimide fungicides (Kittleson, 1952) accelerated 
research in the field of row fungicides. 

Along other lines the search had continued for eradicant-type volatile 
fungicides. The successes of the cheap nematocides had fired the im- 
aginations of plant pathologists. Didiloropropene-dichloropropane mix- 
ture and especially ethylene dibromide, were unsatisfactory as soil 
fungicides. More effective volatile soil fungicides such as allyl bromide 
(Christie, 1947)» chlorobromopropene (Kreutzer and Montagne, 1950), 
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diclilorobuteno (Lear, 1950), and dibromobutcne (Krcutzer et al, 1951) 
were found. These chemicals bad certain drawbacks, but progress was 
being made. 

Larger scale field applications of cliloropicrin were conducted (Wil- 
helm and Koch, 1956). The old formaldehyde-drench concept was also 
being utilized in the search for new materials, Allyl alcohol had been 
found to be an effective water-soluble eradicant for seedbed pests 
(Clayton et al, 1949, Overman and Burgis, 1956). 

New and very effective soil nematocides and fungicides are being 
discovered Some are volatile and some are not. Examples are: tetra- 
hydrothiadiazine thione (Anderson and Okimoto, 1953), chlorophenyl- 
methyl rhodanine (Tarjan, 1954), dibromochloropropane (McBeth and 
Bergeson, 1955), sodium methyl dithiocarbamate dihydrate (Kingsland 
and Rich, 1955), dichlorophenyl diethyl phosphorothioate (Manzelli, 
1955), pyridinethione oxide (Allison and Bames, 1956), and the tetra- 
hydrotbiophene dioxide (SchuMt and Bluestone, 1957). It is apparent 
that we are getting more tools for the job. Some of them should be 
useful. 


B. The Chemicals and Their Uses 
We are now ready to discuss the chemicals which are in commercial 
or experimental use as soil fungicides and nematocides. Knowledge of 
the physicochemical and biological properties of these compounds is an 
essential guide for correct use. 

The physicochemical properties of biocides involving volatility, water 
solubility, and general reactivity have been previously considered. The 
biological properties of the chemical are equally important. We should 
Voiow, as Kendrick and Zentmyer (1957) have emphasized, whether the 
chemical is a “killer” or an eradicant, or whether it is a growth inhibitor 
or a protectant. Volatile chemicals act as eradicants; nonvolatile chem- 
icals most frequently act as protectants. A fast-acting eradicant may 
work well in the control of root inhabitants, but be unsatisfactory for 
the control of soil inhabitants. It is abo essential to know whether the 
biotoxicant is generally poisonous to all organisms or specifically toxic 
to a broad or narrow range of microorganisms Finally, the cost of the 
chemical must be' balanced against its efficiency in controlling disease. 

Soil biocides can be classified according to their chemistry, their 
biological properties, or their uses. A broad chemical classification of 
these materials would cover such groups as inorganic and organic heavy 
metal salts, the sulfur-containing dilhiocarbamates and heterocyclics, 
aldehydes and unsaturaled alcohols, halogenated nitrobenzenes, satu- 
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rated and imsaturated aliphatic halides, organo phosphorus compounds 
and antibiotics 

A detailed classification based on diemical structure is more useful 
to the chemist than the biologist Tlie biologist needs a breakdown of 
biocides based on function rather than on structure 

With these points in mind, the following classification of soil nema- 
tocides and fungicides is given Seed-treating materials are excluded 

1 General Biocides 

Tliese compounds include both relatively volatile and nonvolatile 
eradicants Since they are generally biotoxic, their use is contingent 
upon a waiting period between treatment and planting 

a Volatile Water Insoluble Compounds Tlie chemicals of this group 
form effective diffusion patterns in soils They include the commercial 
soil fumigants methyl bromide (CHaBr) and chloropzcnn (CCI3NO2) as 
well as such experimental materials as chlorobromopropene (CHC1 = 
CHCH"Br) and allyl bromide (CH- = CHCHzBr) All of these com 
pounds are toxic to nematodes, fungi, insects, and weed seeds in soil 
at dosage rates of 100-500 lb per acre Chioropicnn and the olefinic 
bromides are the most potent fungiades Methyl bromide, although 
highly effective against weed seeds, is the least fungitoxic (Stark and 
Lear, 1947) 

Of these four materials, chloropicrm gives the most extensive dif 
fusion patterns, but penetrates tissue poorly Methyl bromide and chloro 
bromopropene are outstanding in their ability to permeate into such 
structures as unrotted nematode galls and sclerotial bodies of fungi 
(Stark and Lear, 1947, Kreutzer, unpublished data) 

The most volatile chemical in this group is methyl bromide (boiling 
point 4®C ), which for effective results must be applied under a gas- 
tight cover (Taylor and McBeth, 1940) The olefinic bromides and 
chloropicrm can be applied without a soil surface seal, although chioro- 
picnn will give better results with a water seal or gas tight cover 
(Kreutzer and Montagne, 1950, Wilhelm, 1957) 

Methyl bromide and chloropicrm leave the soil more rapidly and 
completely than chlorobromopropene or allyl bromide For normal soil 
conditions, waiting periods between the end of treatment and planting 
of 12-24 hours for methyl bromide, 3-6 days for chloropicrm, and 4-10 
days for allyl bromide and chlorobromopropene are required 

All of these materials are poisonous to mammals With the exception 
of methyl bromide they all possess lachrymatory warning properties 
b Unstable Chemicals In this series are the nonvolatile compounds 
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which bireak down in soil to form a volatile biocidal end product. This 
group includes the water-soluble commercial biocide sodium N-methyl 
dithiocarbamate (CH^NHCSSNa) and the nonwater soluble experi- 
mental biocides 3,5-dimethyltetrahydro-l,3,5,2H-thiadiazine-2-thione 


CH,N NCH, 

\/ 

and 3-p-chlorophenyl-5- methyl rhodanine 



The dithiocarbamate is believed to be the decomposition product of 
the thiadiazinethione (Kendrick and Zentmyer, 1957), All three mate- 
rials are unique in that by hydrolytic action they are believed to form 
the volatile and biocidal methyl isothiocyanate CH3N = 0 = 5 (van 
der Kerb, 1956, Torgeson et at, 1957). 

Sodium methyl dithiocarbamate has been used successfully as an 
aqueous soil-surface drench for the control of Fusarium solani (Kings- 
land and Rich, 1955), general damping-off fungi in seed beds (Taylor> 
1956), and Phytophthora ctnnamomi (Zentmyer and Erspamer, 1957). 
Effective dosages in the field for the control of fungi vary from 25-400 
lb. per acre (Fink, 1956, Taylor, 1956; Young and Tolmsoff, 1957). 

Thiadiazinethione is also a good all-around biocide (Anderson and 
Okimoto, 1953, Kendrick and Middleton, 1954). Chlorophenyl methyl 
rhodanine has given best results as a nematocide at dosages of 0 5 to 4 
gm. per square foot (Tarjan, 1954). Both of these water-insoluble ma- 
terials must be mixed in the soil. 

In the cases of all of these dicmicals a waiting period of several days 
between treatment and planting is necessary. 

c. Volatile Water-Soluhh Materials. Representatives of this group 
are the general biocides formaldehj^e (HCHO) and allyl alcohol 
(CHj = CHCII.OII), which will not diffuse well as vapors in normal 
soils because of their water solubilities. 

Formaldehyde is the oldest of the soil biocides, having proved effec- 
tive in water solution against dominant soil-surface pathogens (Selby, 
1900). Allyl alcohol used as a water drench is a better soil biocide than 
formaldehyde, being outstanding in the control of weed seeds and such 
fungi as Pi/fhinm and Rhizoctonia in the upper 2-inch soil zone (Over- 
man and Burgis, 1956). 
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2 Specific Biocides 

These are the volatile and nonvolatile chemicals which are useful 
primarily agamst either nematodes or fungi, but not both These com- 
pounds may be toxic to numerous organisms (broad spectrum) or to 
only a few organisms (narrow spectrum) The phytotoxicity of these 
chemicals is variable. 

a Volatile Eradicants There are two types of vvater-msoluble volatile 
eradicants m this category the strict nematocides, and the nematocides 
with narrow-spectrum fungicidal properties The restricted nematocides 
are the least phytotoxic of volatile soil biocides These compounds are 
e£Fective against such genera as Meloidogyne, Pratylenchus, and Txjlen- 
chuhis, but relatively ineffective against cyst-forramg nematodes (Hetero- 
dera) There are two commercially available nematocides in this group 
ethylene dibromide (CHsBrCHjBr) and dibromochloropropane (CHa- 
BrCHBrCHaCl). Both chemicals are eScient nematode killers, ethylene 
dibromide being effective at 2-8 gallons per acre and dibromochloro 
propane giving control at 0 5-4 gallons per acre (Newhall, 1955, McBeth 
and Bergeson, 1955) Except to bromine sensitive plants, dibromochloro 
propane is perhaps the least pbytotoxic Both chemicals have been used 
successfully to side dress growing plants (Newhall, 1955, Potter and 
Morgan, 1956) 

In general, these chemicals at nematocidal levels are not toxic to 
bacteria, aclinomycetes, or fungi Ethylene dibromide, however, has 
given control of disease complexes involving nematodes and such fungi 
as Fusanum oxysporum vastnfectum, Ceratostomella fimbnata, and 
Rhizoctonia solani (Smith, 1948, Meuli and Swezey, 1949, Reynolds and 
Hanson, 1957) 

The chemicals of the second class are volatile and water-insoluble 
nematocides with some narrow-spectrum fungicidal properties These 
materials include the commercially available dichloropropene dichloro- 
propane mixture or technical dichloropropene (CHCl = CHCH^Cl) and 
the experimental dichlorobutene (CH-CICH = CHCH-CI) Carbon di- 
sulBde (CS 2 ) is placed in this class since it is a nematocide wiili some 
fungicidal properties 

Dichloropropene dichloropropane mixture is highly efficacious in soil 
at 200-400 Ifa per acre in controHing most plant parasitic nematode 
genera with tlie exception of Heterodera (Peters and Fenwick, 1949. 

Allen and Raski, 1950) Dosages of dichloropropene mivliire. 2 to 3 
times greater than usual nematocidal levels, have controlled species of 
Phytophlhora (Zentmyer and Klotz, 1949) This fumigant also Ins been 
reported to bo effective against organisms such as Rhtzoclonia solan! 
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(Middleton et at, 1949) and Slrcptomyccs ipomoea (Martin, 1953). Most 
of these effects, however, are due in all likelihood, to the control o 
nematode-fungus complexes (Re3molds and Hanson, 1957). 

The experimental dichlorobutene has shown up especially well against 
the hard to kill species of Heteroclera (Lear et ah, 1952). Unfortunately, 
it may leave phytotoxic residues in the soil. Dichlorobutene also has some 
fungicidal properties. 

Carbon disulfide is the oldest of the soil fumigants. It is only 
marginally good as a nematocide, but it has been outstanding in the 
practical control of Armillaria mellea in the United States (Fawcett, 
1936). 

b. Nonvolatile Protectants This group of nonvolatile and specific 
biocides includes two expermiental nematocides and a miscellaneous 
lot of old and new fungicides. 

The nematocides are two materials, 0-2,4-dichlorophenyl-0,0-diethyl 
phosphorothioate (Manzelli, 1955) or 



and 3,4-dichlorotetrahydrothiophene 1,1-dioxide (Schuldt and Bluestonc, 
1957) or 


Cl Cl 



o, 


Both chemicals are nonvolatile and water-insoluble solids, being 
relatively nonfungicidal and low in phytotoxic effects. 

Broad and narrow-spectrum fungicides of varying water solubility 
also are placed in this class Broad-spectrum and water-soluble chem- 
icals are represented by copper sulfate, the soluble mercurials (mercuric 
chloride and cyano methylmercuri guanidine), and disodium ethylene 
bisdithiocarbamatc (nabam). Water-soluble mercurials have been effec- 
tive in controlling turf diseases (Monleith, 1927), clubroot of cabbage 
(Snyder et at, 1955), and damping-off (Ark and Sibray, 1954). The 
ancient copper sulfate, when used in water solutions, also has been 
useful as a row treatment in the control of damping-off pathogens and 
soil-home Phjlophthora (Horsfall, 1938; Kreutzer and Bryant, 1946). 

Nabam has proved efficacious as an aqueous drench to soil for the. 
control of species of Phylojjhthora (Stoddard, 1951; Zentmyer, 1952). 
It is also promising as a row-treating material for the control of root 
rot fungus complexes of beans and cotton (Leach and Snyder, 1917). 
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Water-insoluble and broad-spectrum fungicides include the com 
mercially available tetramethylthiuram disulfide (thiram), zinc ethylene 
bisdithiocarbamate (zineb), and N-tnchloromediylthio 1,2,3,4 tetrah) 
drophthahmide (captan) Thiram, zineb, and captan have been tested 
and used as row fungicides for the control of seed and seedling root 
and stem fungus diseases (Hildebrand et al, 1949, Cooper, 1954, Young 
and Brandes, 1955} 

Other representatives of this class of materials are the experimental 
pyridmethiones, represented by 2 pyridmethione 1 oxide disulfide, which 
has the structure 



The pyridmethiones have shown promise as soil fungicides m prehmi 
nary testing (Allison and Barnes 1956) 

The only narrow spectrum protectant fungicides available at present 
are the chloronitrobenzenes The most important of these chemicals is 
pentachloronitrobenzene, which is eflfective in soil against such genera 
as Sclerotinia, Sclerottum, Rhtzoctonta, Streptomyces, and Plamodt 
ophora, but innocuous to Ftjthlum, Fusarium, Phytophthora, VerttcilUum, 
Thtelamopsis, and Colletotnchum (Smieton and Brown, 1940, Kendrick 
and Middleton, 1954) This chemical is low m phyfofoxicify and is rela- 
tively nonhazardous It is finding its principal use in row treatments, 
alone and m combination with captan or the dithiocarbamates, for the 
control of seedling rot complexes (Cooper, 1954, Bnnkerhoff et al , 1954) 
The most important effect of pentachloronitrobenzene, however, has been 
on the thinking of plant pathologists Specificity is a fascinating subject 
Other materials which should be mentioned as soil fungicides are 
the antibiotics cycloheximide (Vaughn, 1951) and griseofulvin (Brian 
1949) The antibiotic approach is a good one A lot of explormg could 
be done here m the search for new soil fungicides 

So much for the chemicals We are now ready to discuss the pnn- 
ciples of their application 

3 General Application Principles 

In the application of soil nematoades and fungicides the important 
considerations are (f) the soil condition, (2) the formulation of the 
biocide, nnd (3) the methods of application of the biocide m spire 

and time” , , t i t j i 

a Sod Condition There arc certain niles that ha\c been laid douai 
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to guide us in the preparatiou of the soil prior to 

19481. Soils to be treated should be worked to plow depth into good 

seedbed condition. All clods should be thoroughly broken up. 

The water content of the soil for fumigant-type chemicals should be 
optimum for planting (60-^M of the moisture equivalent); v«y w 

or dry soils should be avoided. For residual nonvolatile chemicals where 

mixing is required, a drier soil is preferred, since it lends itself mo 
readily to treatment. For all types of biocides the soil should be rela 
lively free of plant "trash” (undecayed roots, stems, and leaves). 

Excessively high (above 80°) or low (below 50°) soil temperature 
should be avoided. High temperatures accelerate chemical decomposition 
and loss from the soil, while low temperatures retard dispersion ot a 


biocide in soil. . i , 

b. The Chemical and Us Formulation. The volatility or water solu- 
bility of a chemical aids in determining the method of formulation as 
well as the method of applying the biocide to the soil. 

Water-soluble chemicals such as the mercuric guanidines, copper 
sulfate, formaldehyde, allyl alcohol, and sodium W-methyl dithiocarbam- 
ate are applied best to the soil as aqueous drenches. Moderately 
volatile and water-insoluble chemicals such as ethylene dibromide ana 
dichloropropene-dichloropropane mixture can be used as water emul- 
sions. Moderately volatile materials such as the halogenated hydro- 
carbons and the lachrymator chloropicrin, however, are applied best 
unformulated or in suitable organic or hydrocarbon solvents. An ex- 
tremely volatile material, exemplified by methyl bromide, is applied in 
undiluted form or in mixtures with chemicals such as chloropicrin. 

Relatively nonvolatile and water-insoluble materials such as thia- 
diazine thione, zineb, and caplan can be formulated as powders for 
dusting and spraying. 

c. Applications in Space and Time. Tlie application of chemicals to 
soil must be considered from the viewpoint of four dimensions. The 
volume of soil tabes care of three dimensions. The time of application 
in relation to the time of planting is the fourth. Tlie things that deter- 
mine the “space and time” aspects of application are the cost of chemical, 
its relative phytotoxicity, and its control efficienc)'. High performance 
helps offset high cost of chemical. If the chemical is relatively low in 
phyloloxtc effects, it can be applied more efficiently (row application 
instead of an entire area treatment). In the last analysis the best criterion 
is performance on a cost-pcr-acre basis. Only an expensive crop can 
stand an expensive treatment. 

A biocide can be addctl to soil surfaces as a vapor (under a sc.al) 
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or in liquid or dry form It can also be mechanically mixed as a liquid 
or solid mto the top few mches of soil or injected as a liquid under the 
soil surface From the standpoint of soil area to be treated there are 
four basic ways m which we can apply a biocide to the soil 

(1) The general and continuous application of volatile and non 
volatile chemicals This method is the treatment of all of the exposed 
soil of the entire soil area Examples are dispersing a nonvolatile biocide 
such as pentachloronitrobenzene throughout the upper surface area of 
the soil by mechanical mixmg or applying a highly volatile chemical 
such as methyl bromide to the surface of the soil under a gas tight seal 

(2) The general and discrete application of volatile chemicals Here 
the entire soil area is treated in a discontmuous fashion Complete cover 
age IS obtained by the overlap of gaseous diffusion patterns It is the 
common field method used in the subsurface injections of volatile fumi 
gants such as dichloropropene dichloropropane mixture, ethylene di 
bromide, and chloropicrm 

(3) The local and continuous application of volatile and nonvolatile 
chemicals The soil in only the general plantmg site is continuously 
treated Good examples would be the continuous mixing of tetrahydro- 
thiadiazine thione throughout the plantmg area of raised beds and 

spot or bed treatments with water solutions of sodium N methyl 
dithiocarhamate The sod between the beds would not be treated 

(4) The local and discrete application of volatile and nonvolatile 
chemicals The exact planting site (row) is treated m a restricted or 
discrete fashion No attempt is made to treat sod outside of this site 
This is the method used in row treatment at the time of seeding An 
example would be the application of captan pentachloronitrobenzene 
mixture by row spraymg 

We have now taken care of our three dimensional or space phase, 
and are ready to consider the fourth dimensional aspect or time Treat 
ments can be made prior to plantmg at the time of planting and during 
the growth of the plants The principal considerations here are phyto 
toxicity of the biocide and the method which lends itself best to prac- 
tical procedures Phytoloxicity is the most important factor A severely 
phytotoxic chemical can be applied only prior to planting— wth a suit 
able waiting period to allow dissipation of the compound A marginall) 
phytotoxic material, with sufficient care, can be applied at the tune of 
planting Only a relatively nonphytofotic chemical can be applied to 
soil in which plants are growing 

With the advent of large scale soil treatment slick modem, machine 
powered injectors have replaced the simple Jnnd guns of the carlwn 
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disulfide era. Tliere are all types and varieties of forced-feed multiple- 
rowed plow and chisel and blade applicators (Jacks, 1952; Lear ct aU 
1952; Jensen and Page, 1954). These machines are used to inject ever- 
growing acreages with dichloropropene-dichloropropane mixture, ethy- 
lene dibromide, and chloropicrin. 

Equipment is keeping pace with expanding uses. New types of appli- 
cators are constantly being developed. Operators can handle noxious and 
poisonous materials with ^eater safely, and chemicals can be applied 
more rapidly and accurately. Cheap plastic sheeting and convenient 
metered containers improve the ease and speed of methyl bromide 
applications. Modem planting-row applications have replaced Selby s 
early crude dribble method. Fan and cone type nozzles apply controlled 
amounts of fungicides and nematocides in row applications just back 
of the planting shoe. There are one- and two-nozzle combinations to give 
better chemical distributions. 

Studies are being conducted on the relation of nozzle number and 
placement to chemical pattern in the soil. Dyes and even radio-tagged 
chemicals are being used to determine chemical distribution at varying 
depths (Garber and Leach, 1957). Water-soluble chemicals are being 
introduced into pipe lines and automatically sprinkled on the soil as 
dilute water solutions (Zentmyer and Erspamer, 1957). 

We haven't seen anything yet, however. Most of our chemical tools 
are still crude killers today. Tomorrow will be different. There will be 
specific biocides and therapeutanls to do an even better job. 

C. Soii Treatment with Heat 

The cooking of soil to kill soil pathogens is probably the oldest kno^vn 
method of soil treatment. It was discovered first in all likelihood by 
neolithic man, who may well have observed salutary responses of plants 
growing in old fire sites. Sixty years ago (and perhaps even earlier) the 
practice suggested by this observation was put into effect. Newhall 
(1955) mentions that the roasting of tobacco seedbed soil by surface 
burning was a common practice when seedbeds were scattered about 
in wooded areas. Tliis worked very well until the tobacco growers ran 
out of wood. 

Tlic use of licat sterilization of soil by steam was first used on a 
practieal scale by Iliidd in 1893, following Kiibn's experimental studies 
m 18S0 and Frank's research in 1SS8 (Johnson, 1946- Baker and 
noislacbcr, 1937). 

^.ere are three ways of disinfesting soil xvitli l.cat: tl.cse arc, by use 
of (1) dr>' iieat, (2) steam, and (3) lint water. Baker and Boislaclier 
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(1957) Inve cvaluited the merits of each method They conclude that 
the use of steam is the most effective as well as the most efBcient method 
of heat disinfestation Dry heat does not conduct well, and hot water 
not only tends to puddle sod, but it penetrates soil poorly 

Where steam is available (as in greenhouses) its use is preferable 
to that of chemicals for soil dismfestation Steam is fast, effective, and 
leaves no toxic residues There is little advantage in usmg steam under 
pressure over free flowing steam The principle problem is to confine 
the steam to prevent excess heat loss and for a long enough period to 
heat the soil mass sufficiently to kill pathogens 

Most pathogenic fungi and nematodes can be killed by exposures 
for a few minutes to temperatures above 50® C Baker and Roistacher 
(1957) have pomted out that hot water treatments will kill species of 
Pythium, Botrytis, Rhizoctoma, Sclerottum, Sclerotmm, and Fusarmm 
in tissues at temperatures of 46-57® C , in time periods of exposure from 
5 to 40 mmutes Nematodes such as Aphelenchoides and Meloidogyne 
are killed by hot water at temperatures of 48-53® C at exposure times 
of 10-11 mmutes 

Under ideal conditions, heatmg a sod mass to 60® C for 30 minutes 
should be sufficient to destroy all plant pathogenic fungi and nema 
todes Because of uneven distribution of heat in a soil mass, Baker and 
Roistacher (1957) recommend that a sod temperature of at least 80® C 
be maintained for 30 minutes In practice, however, these workers feel 
that to be on the safe side the temperature should be raised to 100® C 
for 30 mmutes 

Steamed soil is even more likely to be reinvaded by sod inhabiting 
fungi than is chemically treated soil This is because steamed sod usually 
IS more completely disinfested Well cooked sod is a fine growth medium 
for most fungal soil inhabitants It follows that extreme care should be 
taken with steamed sini* fo avow? 


Many ingenious devices have been developed over the years to apply 
heat to soil Newhall (1955) and Baker and Roistacher (1957) have 
described application equipment and its uses m considerable detail 
Stationary soil masses are treated by steam in mobile bins, steam boxes 
vaults, cabinets, and autoclaves Steam can be applied also to soil in 
benches by the use of inverted pans, perforated pipes, and steam rakes 
Steam does a good job of cleaning up sod To make the use of steam 
practical beyond the greenhouse, hwever. we need clieaper fuels and 
a lot of cngmeering Newhall (19oo) estimates that it would require 
forty tons of coal to supply sufficient heat to disinfest an acre of soil 1 R 
deep This IS a lot of fuel, and the equipment and manpouer required 
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for such an application would be very costly. This discouraging picture 
might be changed by clever engineering and the use of atomic power. 
Soil disinfestation with heat may get out of the greenhouse yet. 

IV. Summary — ^N ow and the Future 
In this chapter an attempt has been made to set forth the basic 
principles of soil treatment primarily with nematocides and fungicides. 
Heat treatment is included only for the sake of completeness. 

Between the plant and its environment there are a series of complex 
interactions. In agricultural soils, under a given set of conditions, the 
living phase (biophase) is in a stale of dynamic equilibrium. This equi- 
librium state may be upset by chemical treatment, environmental 
changes, or cultural practices — causing a succession of transitory states 
which rapidly proceed toward a new equilibrium. 

Since the micropopulation at all times is conceived to consist of 
organisms which either favor or harm the crop plant (sustainers or in- 
hibitors), the new equilibrium formed is either good or bad for the 
crop plant. 

On a prevalence basis the most important of the obvious soil-borne 
diseases are those that involve seeds and seedlings. On a broader and 
less obvious level, however, all plants probably suffer from some degree 
of root pathogenesis. 

^Vllen a biocide is added to the soil, interactions will occur which 
result in changes in both the soil and biocide. The biocide may be 
hydrolyzed or otherwise degraded by the chemicals as well as by the 
microorganisms in the soil. The phenomenon of sorption of the biocide 
to soil colloids is broadly viewed as a type of bonding, ^vhether it bo of 
the covalent, hydrogen, ionic, or van der Waal’s variety. The degree and 
type of sorption encountered, as well as the potential dispersibility of a 
biocide, will depend upon the properties of both the biocide and the 
soil. 

The soil is affected to a lesser extent from contact with the biocide. 
Small changes in soil chemistry can occur, whereas there is little to no 
effect on the physical constitution of the soil. Profound local effects on 
the soil hiophaso do occur, with rcsiill.inl favorable or unfavorable 
effects reflected by the growing crop plant. 

Soil treatments with nematocides and fungicides have given control 
of diseases of known as well ns of unknowm etiology. Control responses 
in diseases of obsciiro ctiolog)- arc lielieved to ho the result of correction 
of unfavorable microbiological balances, control of unk-nossm and tin- 
descnlxnl fnnillalivc or obligate parasites, or control of toxin-forming 
org.iuisms. 
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In looking toward future developments in the chemical control of soil 
pathogens, we may expect the following 

(1) Greater emphasis will be placed on control of minor and uni 
versa! root pathogens rather than those causing more spectacular and 
sporadic lethal maladies 

(2) Research on the organisms of the biophase particularly the 
microflora of the rhizosphere will segregate the mhibifors from the 
sustamers Conditions favoring or hindering their development will be 
learned By appropriate soil amendments and enlightened cultural prac 
faces the microbiological balance will be shifted toward the sustamer 
side 

(3) There will be a trend toward the use of more specific and highly 
efficient fungicides and nematocides Such materials will be relatively 
nonphytotoxic and have a long residual action Increased emphasis will 
be placed on treatment of critical sod zones at the time of planting and 
durmg the growth and development of the plants Less effort will be 
mide to treat large masses of sod 

(4) Systemically acting chemicals eventually will be found which 
will be applied by seed treatment foliage sprays m fertilizers or imga 
tion water They will be active at very low concentrations Root and 
stem infections will be warded off by translocated chemicals which will 
act by increasing the resistance of the plant or by inhibiting the develop 
mg pathogen 

We will eventually control fungus and nematode attack of stems 
and roots by not one but fay a combination of these future practices 
Not now, but some day 
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J JvnioDiicTiov 

Tlic only criterion b> ^vhich to judge an agricultiinl fungicide is 
its success, but this is composed of mtny things To protect plant sur- 
faces, the fiingrerc?c must be deposited umformJ} and adhere uWI It 
must witlistand weathering bv sunlight, air, and water, and if used in tlio 
soil, it must survwc attack h\ microorginisms and spontaneous ructions 
wath metabolic debris until it has halted the ads ance of the fungi Somc- 
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how it must do all this inexpensively without injuring the host plants. 
Therefore it should be no surprise that few out of many candidate com- 
pounds succeed. Yet from each failure there is a lesson to be learned 
if we look closely enough. 

Sometimes failure may result from a defect in formulation, or then 
again it may arise from an intrinsic weakness in the compound that can 
be remedied only by the synthesis of a new derivative with improved 
properties. Often the case is hopeless. Whatever the cause, an under- 
standing of the basic scientific principle involved will help clear the way 
for future successes. Good fungicides may still be discovered by ac- 
cident, but at least these should be planned accidents based on what 
plant pathologists and chemists have learned about their interactions 
with their environments during the past 75 years. This chapter sum- 
marizes some of these lessons. 


II. Protection of Plant Surfaces 


A. Physical Factors Influencing Deposition and Distribution 
1. Mechanics of Deposition and Spreading 

Protectant fungicides are applied to fruit and foliage as dusts or 
sprays. To be able to settle on the plants the particles must have enough 
momentum to overcome repulsive forces which exist near surfaces These 
may bo electrostatic in nature or they may arise from convection cur- 
rents caused by temperature differentials between the surfaces and the 
surrounding atmosphere. Furthermore, the high velocity air streams used 
to propel dusts and concentrate sprays tend to glide around plant sur- 
faces. Consequently the particles carried by them must have enough 
momentum to strike the plant surfaces, instead of being carried away 
by the deflected air current. Momentum is the product of mass and 
velocity; hence when the particles arc extremely minute, they must be 
projected at high speeds to pentrate these barriers. However, direct im- 
pingement of the particles on the surfaces accounts for only part of the 
fungicide deposited. Much of it must miss the main targets and eventu- 
ally settle on the plants by gravity'. Consequently particle size cannot be 
loo small, for the limiting velodty a spherical object can attain on 
falling through still air is given by Stokes* law as 


„ 2»-’g(d - do) 
9i7 


( 1 ) 


where d is the density of the fungicide, da the density of air, r the 
particle radius, g the acceleration of gravity, and -q the viscosity of air. 
Calcul.'itions made from this equation show that a particle with a radius 
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of 10/t and a density of 2 gm. per cni.= would reach a limiting velocity 
of 2.3 cm. per second and have a momentum of 1.9 X 10*® gra. cm. per 
second. This is about the minimum value that would enable it to pene- 
trate the barriers created by repulsive forces at the plant surfaces. Thus 
dust particles would have to be about 20/i in diameter or form aggregates 
of about this size to obtain satisfactory deposit build-up. Unfortunately 
parficies or aggregates of particles in tfiis size range are easily dislodged 
by wind and rain, so dusting has never been a highly satisfactory 
method for protecting crops. 

Overcoming the repulsive forces at surfaces is not the only problem 
in the deposition of small particles, for calculations from Stokes^ Jaw 
(equation 1) show that a particle lOO/t in diameter with a density of 1 
will fall at a rate of 30 cm. per second in still air, while a l/x particle 
has a limiting velocity of only 10 cm. per hour. Thus, air currents may 
tend to carry the dust away from the area of application faster than it 
settles. 

Occasionally it has been suggested that the deposition of dusts may 
be promoted by the presence of positive electrostatic charges on the 
individual particles induced by friction in the blowing apparatus, ivhich 
would cause them to be attracted to negatively charged surfaces of 
leaves by electrostatic forces. However, the charges induced on dusts 
during blowing are weak, and they vary in sign, so it is unlikely that 
they improve deposition significantly (Gill, 1948). Recently, Bowen 
et at. (1952) have described an electrostatic duster which is said to 
impart very high charges to particles by application of a 12,000 volt 
potential difference in the same manner used for the electrification of 
dusts in industrial precipitators. The authors state that a particle 5^ 
in radius, bearing a high charge, would be attracted to a surface by 
an image iorce aboui eqoai itr giavAy a dfeta’acs ^ This taleviW 
tion is based on the assumption that plant surfaces are perfect con- 
ductors, which is probably untrue. Interestingly enough, good deposition 
was obtained when the particles were negatively charged. This shows 
that the image charge induced on the surfaces of the plants by the dust 
cloud was positive in sign even though it is generally assumed that 
leaves are negatively charged. Deposition was superior to that of un- 
charged dusts, but the particle size range of the preparation used was 
not given. 

Many of the disadvantages of dusts are eliminated in sprays. Here 
the small primary parficies of fungicide are encapsulated in larger 
liquid droplets that can be given sufficient momentum to penetrate the 
barrier immediate]^' surrounding the foliage. Hie droplets spread on 
impact, and when the liquid carrier evaporates, the fungicide particles 
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are left on the fruit and leaves. Coverage is never as uniforin as that 
obtained with a dust distributed randomly, but smaller particles can 
be deposited and the tenacity of the residue is greater. 

In conventional high volume sprays applied at rates of 75 to 300 
gallons per acre, drop size is likely to be of the order of 0.5 to 3 mm. 
If properly formulated, these large drops easily acquire enough momen- 
tum to drench the leaves thoroughly. However, in concentrate spraying, 
as little as 1 to 15 gallons of liquid per acre may be used to distribute 
the same amount of chemical. Drop size must therefore be reduced 
drastically to achieve adequate coverage of the foliage. For application 
of concentrate sprays from the ground with air blast equipment, 
optimum radius is 15 to 40;^, while for aircraft application it is about 
35 to 70/1 (Potts, 1958). While this size range is considerably above the 
minimum required to overcome the repulsive forces at the surfaces, it 
is sufficiently small so that high velocities must be imparted to the 
particles to carry them to their destinations. Yeomans and Rogers (1953) 
state that the maximum distance a particle can move in a direction 
parallel to the ground is directly proportional to its initial velocity and 
to the square of its radius. Consequently, very small particles wll be 
stopped much more readily than large ones. For example, a droplet with 
a radius of 50/i and an initial velocity of 112 m.ph, will travel 150 cm., 
while a 5/1 droplet ejected at the same speed will be stopped after 
penetrating only 1.5 cm of air. Tlierefore small drops must be carried 
by air airrents moving at high velocities to obtain good deposition of 
concentrate sprays. 

However, delivery of droplets to plant surfaces may not always be 
enough to insure good deposition Tims, Burchfield and Goenaga (1957b) 
found that deposit build-up of 10-10-100 Bordeaux mixture on young 
banana leaves was very slow when the leaves were kept in motion 
during spraying. Careful inspection revealed that the spray droplets 
were bouncing off the surface as if they were minute rubber balls. 
Evidently the contact angles between Uio leaves and droplets were too 
hiah to permit retention of the spray under these conditions. 

Contact angle (0) is defined by 

cos a = ~ - 1 (2) 

7Z. ^ 

where y,, is the surface tension of tlie liquid, the work of adhesion, 
and Tf a quantity th.nt can 1)e determined from the Gibbs adsorption 
isolhenn. llic contact angle is critical in determining whether a spm>’ 
susi>ension ^^ill spre.id uniformly on the surface of a plant. A contact 
angle nppro.ichtng veto indic;ilcs lli.il the liquid is nltraclcd to the 
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surface by forces as high as the infernal forces of cohesion, so that the 
spray droplets tend to flatten and form thin films Conversely, a contact 
angle approaching 180'^ indicates that wettability is so poor that the 
droplets do not adhere to the surfaces Actually these extreme values 
are never reached, the contact angle of water on paraffin being only 
about 100° Evidently a similar situation occurred when the young 
banana leaves were sprayed with Bordeaux When a nonionic surfactant 
was added to the formulation to reduce interfacial tension, the leaves 
were wet uniformly and the amount of copper deposited under the 
same conditions increased fivefold Deposit build up with ordinary 
Bordeaux was faster on older leaves but in all cases it was improved by 
the surfactant However, caution must he used in generalizing on the 
efFects of spreaders, since Somers (1957) found that some anionic 
surfactants decreased deposit build up severely on easily uettable leaves 
although he also found that nonionic adjuvants were beneficial 

Somers (1957) states that the advancing contact angles of waterdrops 
on the upper surfaces of leaves of potato bean and laurel were 35®, 49®, 
and 81®, respectively, and that their wettability decreased in tbit order 
Generally, deposit build up is poorest on plants with smooth waxy sur 
faces and best on rough or moderatel) hirsute leaves Thus poppers 
crucifers, and tropical plants such as banana accumuhte less chemical 
under equivalent conditions of spraying than crop^ such as beans, po 
tatoes, and eggplant Usually deposition can be improved by the in- 
corporation of suitable surfactants, but the value of this is governed m 
each individual case by the crop and the spray volume Tins latter factor 
IS particularly important, since the amount of fungicide deposited on 
leaf surfaces at equal total doses tends to decrease as the volume of 
carrier liquid is increased This is because run off of tlie spra> occurs 
earlier at high volumes and some of the fungicide is earned awa> with 
the water Adding surfactant to such mixtures decreases the \oIumc of 
spray required to obtain nin off still furtlier, and consequently decreases 
deposit For example. Guppies (1941) found that improved welting 
properties led to lower fungicide deposits on apples Prestimahfv at 
intermediate and low* gallomgc applications runoff would not occur, 
so that onlj the beneficial effect of the spreader would he rcfain«I 
Tims, Swales and Williams (1956) report that inclusion of nonionic 
surfactants in hme sulfur, sulfur, and ferham (ferr/c dimclhxldtthio- 
carbamate) concentrate sprav mixtures improved llicir effectnencss for 
the control of apple scab ^\'lule this imv hive resulted w part from 
improved distribution of the funclcide. it appears tint over all deposilion 
could not have been rcducwl scriousK Iw’ the atljuv“ints 

Other thmes l>eing equal the amount of fiincicides dcjKJsilid on 
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plant surfaces should be directly proportional to its concentration in the 
spray suspension Factors which might tend to obscure this simple 
relationship include changes in the droplet size of the spray and 
deposition after runoff. Most fungicide formulations contain surfactants. 
Consequently the surface tensions of sprays should be somewhat less at 
high concentrations than at low. Low surface tension is known to cause 
the formation of small drops, which might reduce deposition through 
greater drift of the spray with wind However, indirect proportionalities 
have been reported between concentration and deposit where this could 
not be a factor Thus, Rich (1954) found that the amount of Bordeaux 
deposited on leaves of beans and celery tended to reach a limiting value 
as the concentration in the spray tank was increased, while zineb (zinc 
clhylenebis[dithiocarbamate] deposits increased linearly with con- 
centration in the range studied He pointed out that Bordeaux particles 
are positively charged — a fact which might cause them to be attracted 
to negatively charged leaf surfaces by clectrokinetic forces. As the un- 
occupied sites on the foliage surfaces became reduced in number, rate 
of deposition would tend to decrease. These results seem inconsistent, 
since zineb particles arc negatively charged and thus should be deposited 
with less rather than greater efficiency than Bordeaux. However, the 
concentration range studied was not the same for the two fungicides, 
so more evidence is required. The most reasonable explanation for this 
phenomenon is that deposit was directly proportional to concentration 
up to the point of nmoff. ^Vllcn this condition was finally exceeded, 
Bordeaux continued to be deposited at a slower rale, the runoff water 
being slightly poorer in copper than the impinging spray droplets. Tims, 
deposition might not cease abruptly when runoff is reached, but con- 
tinue a\Nhilc beyond it until the capacity of tbc leaves for retaining 
fungicide is exhausted. Tliis could not occur when runoff is very rapid 
and insufficient time is allowed for the fungicide to become attached 
to the leaves. It has not been established wlictlier clectrokinetic effects 
arc insolvcd in this process. Ilowcs'cr. in view of the finding by Somers 
(19o/) that negatively charged surfactants such as sodium dioctsl 
sulfostjccinatc decrease deposit build-up a rcinvcstigalion of this prob- 
lem woidd l>c of great interest. 

2, Hole of Pnrficle Size nnd Bedisfribiiflon in Disease Control 

Deposition of a fungicide on a plant surface is not by itself sufficient 
to Insure the utmost titilizallon of its capacity for controlling disease. U 
must l>e distributed so that the maximum numlx^r of potential loci of 
infection Is protectesl. Wilcoxon and McCallan (1931) fotmd that there 
ssne significant differences in toxicity l)ol\\cen sulfur dusts hisini: 
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different particle sizes wlien they were compared on an equal weight 
basts, the more finely divided dusts being able to inhibit spore germina 
tion at lower doses When the dusts were compared on the basis of an 
equal number of particles per unit area, there was no major difference 
in toxicity This illustrates the importance of good coverage in protecting 
surfaces and stresses that the number of particles used is most critical 
when they are distributed randomly m the infection court However, the 
sizes of the individual particles cannot be neglected entirely, for this 
would imply that small particles contammg mmute amounts of fungicide 
would be as effective as large ones for preventing infection by the 
parasite This supposition may be approximately correct within a limited 
range, but must be invalid when the particles become extremely small 
This IS sho^vn by the findings of Burchfield and McNew (1950), who 
measured the capacity of different particle size fractions of dichlone 
(2 3 dichloro 1 4 naphthoquinone) to control early blight of tomatoes 
in greenhouse tests When parhcle size was reduced from a mean 
radius of 24 5/4 to 0 45/4, only one fortieth as much dichlone was required 
to maintain disease control Fungicidal efficiency was not directly 
proportional to the number of particles on the surface Instead, a limit 
mg value was approached at small particle sizes, indicating that capacity 
for controlling disease was proportional to the logarithm of the number 
of particles per unit area of surface, or 

l/ff = mlog.^ + y (3) 

where G is the weight of fungicide per unit area required to control 
the disease, d its density, r the mean particle radius and m and q 
are empirical constants 

This equation suggests that two basic factors are involved in the 
protection of surfaces by fungicides These are first, that tlie number of 
particles necessary to insure that each potential locus of infection is 
given nominal protection is constant and independent of the dose, and 
second, that on subdivision of a constant weight of material the rate of 
change of fungicidal effectiveness is inversely proportional to tlie num 
her of particles present at the time of the change Tlie first of these 
assumptions is based on the supposition that the fungicide is randomly 
distributed m the infection court If tins occurs, a small number of large 
particles ^\ill lead to superabundance of chemical in some localities and 
little or none m others \%hile subdividing the malenal will fend to 
equalize coverage at % anous loci of potential infection 

Equation (3). as well as the practical results of man> workers shows 
that impro\cmcnt in efiicicnc> of utilization h\ reducing particle size 
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soon reaches a limiting value beyond which it is uneconomical to go 
Thus the effectiveness of dichlone m protecting tomatoes from early 
blight was increased by only 25% on decreasing mean radius from 0 81 
to 0 45^, while the specific surface of the powder, which is related to 
the work required for commmubon, was almost doubled 

Furthermore, it suggests that weak fungicides which can be used at 
high doses because of low cost are not likely to be improved as much 
by extreme subdivision as compounds with high intrinsic toxicity A 
material with very low toxicity would have to be applied at such high 
doses to obtain any disease control at all that the surface would be 
saturated with respect to coverage at comparatively large particle sizes 
Conversely, when intrinsic toxicity is very high, great care must be 
taken to distribute the smaller amount of material in such a way that all 
the potential infection loci are protected For example, compounds which 
must be used at relative doses of 100, 10, and 1 units because of dif 
ferences in intrinsic toxicity would give equivalent coverage at mean 
particle radii of 3 2, 1 6, and 0 7^, respectively 

Even m greenhouse tests coverage is never so complete as would be 
predicted from particle size alone, since sprays are deposited unevenl) 
Often the droplets coalesce and runoff occurs, leaving different amounts 
of fungicide on the tips and mid veins of leaves than found on 
the edges and interiors of the blades Field applications are even more 
spotu, and this condition is likely to be aggravated m deposits formed 
from low gallonage concentrate sprays where as little as 15% of the 
plant surfaces may be coated with fungicide In these cases, disease 
control in unprotected areas may be achieved through redistribution by 
dew and ram, so that physical factors other than particle size become 
important (Rich, 1954) Tlius, Bjorlmg and Sellgren (1957) found that 
rain treatments impro\cd the protection of potato foliage by Bordeaux 
mixture against infection bj Phtjtophthora infcstans when the fungicide 
was applied as small droplets in small \olumes, while deposits formed 
fnim large drops applied at high volumes were not affected significanth 
Tlie\ ascribed this improxcmcnt to the local redistribution of the 
fungicide by weathering Howcxcr. thex found that the effect of ram 
on zincl) deposits was irregular Iinproxcmcnts in disease control were 
recordetl in a few tests, hut more often deterioration of the prolcctne 
iwwer of the residue occurred Perhaps this difference arose m part from 
the fact that Bordeaux mixture is much more tenacious than parlicuHtc 
fungicidts and that the effects of redistribution were not oxershadnwed 
h\ a high overall loss m residue (Burchlield and Coenaga, 1957a). 
lurthirmore, the elosago response curve of Bordeaux mixture is cx- 
exx'ellnglv flit, so lint clistase control would not he* scnouslv rtHhiced m 
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protcclccl areas by tbc removal of sizable amounts of fungicide The 
redistribution of comparatively small amounts of copper in previously 
unprotected spots might result m more effective disease control m these 
locations Tlius the over-all result might be favorable despite a net loss 
of fungicide However, this beliavior would not be expected from com 
pounds having ver)’ steep dosage-response curves and poor tenacity, 
since control m protected areas might be decreased sharply without 
commensurate improvements m other localities owing to the relatively 
small amount of toxicant redistributed 

Butt (1955) investigated the movement of captan [A/ (tnchloro 
mcthyltbio)-4-cyclohexcne l,2-dicarbo\imide] deposits on pear leaves 
and obtained no evidence to show tliat it was translocated in leaf tissue 
He assumed that its fungicidal action was exerted through water layers 
linking tlie captan to the spores Photomicrographs of captan deposits 
in waterdrops suggested that particles of the fungicide may become 
detached from the leaves and be redeposifed near the periphery of the 
original residue, thus resulting m an expansion of the protected area 
Presumably this process would be earned out more efficiently by gentle 
dews than by driving rain, since the latter would be expected to result 
m an over-all loss of the spray deposit with negligible opportunities for 
redeposition of dislodged particles and aggregates 

Contrary to the finding of Butt, Napier, et al (1957) present evidence 
which they interpret to mean that captan exerts systemic action m the 
protection of broad beans against Botnjtis fahae They found that sprays 
applied to the dorsal surfaces of leaves resulted in significant reductions 
m the number of lesions found on the ventral surfaces, although com 
plete disease control was never achieved Furthermore, treatment of the 
first leaves of bean resulted in reduction of the infection incidence of 
the second and third \eirves difiiosion oi captan tVntmgh leaves 

vxa dorsal and ventral stomata and the loosely organized structure of 
the spongy parenchyma is possible, translocation through greater dis- 
tances in the vascular tissue of the plant is unlikely, owing to the 
extremely high instability of captan in aqueous media (Burchfield and 
Schechtman, 1958) It should be noted that the bean plants used in 
these experiments were incubated in a moist chamber for 18 hours to 
provide conditions suitable for infection by the pathogen Thus the 
fungicide may have been redistributed in small moisture droplets or 
conveyed to the spores vm the vapor phase by convection currents It 
must be considered that some metals have high enough vapor pressures 
to kill spores by fumigant action in enclosed spaces Examples from the 
history of plant pathology show that similar cases of "action at a 
distance’ have been misinterpreted Therefore, experiments which show 
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tliat protectant fungicides can be redistributed by translocation within 
the plant must be re-evaluated critically before final acceptance. 

B. Interactions of Fungicides with Their Environments 
1. Extrinsic Factors in the Persistence of Fungicides 

Particles may be bound to surfaces by London-van der Waals’ forces, 
electrostatic attraction, capillarity, or some combination of these effects 
(Burchfield, 1959). Most physical studies on the adhesion of small 
particles have been made on smooth homogeneous surfaces, such as those 
of glass or quartz. Even so, there is disagreement among physicists as 
to the relative importance of these forces and the distances over which 
they arc effective. Plants are grounded semi-conductors with rough 
surfaces. Moreover, the leaves of many of them excrete waxy blooms 
in uneven patterns, so that some particle surfaces may be in contact 
with wax and others witli cell walls. Consequently, areas of close contact 
between particles and leaves are likely to be small and heterogeneous. 
Furtliermore, changes in the moisture content of the air might shift the 
balance of forces responsible for adhesion. At high humidities electro- 
static potentials between particles and leaves might be discharged 
because of tlie high conductivity of the air, while capillary attraction 
through the formation of films of water connecting tlie particles to the 
surface would lend to increase. As a result of the instability of the 
environment, tlie heterogeneity of the surfaces, and the multiplicity of 
forces involved, it is unlikely that the mechanism of adhesion of pesti- 
cides to plants will be clarified for some years to come, except in general 
terms. 

The attachment of pesticide particles to plants is weak compared to 
the strcngtlrs of bonds created by adhesives. Tlius, Somers and Thomas 
(1930) found that wind alone reduced cuprous oxide deposits by more 
than 50Z after 27 days’ exposure, while Byrdy ct al (1957) report 
significant reductions in the toxicity of DDT residues after exposing 
them for 5 minutes to air currents xvith a velocity of 3 5 meters per 
second. Rain removes spray deposits considerably faster than wind, but 
in the field the action of wind is more prolonged. Burchfield and 
Cocnaga (19o/a) found lli.it 437 of the cuprous oxide deposited on 
l)an.ina Ic.ives w.is removed by the first quarter inch of rain. However, 
the next qu.irlcr inch removed only 47, and succeeding treatments 
removed only about 1 to 27 per 05 inch of rain. Similar results were 
ol4alncd with cuprous oxide on artifici.il surfaces (Somers and Thomax, 
1936) and with caplan and maiioh (manganous cthylcnchisfdilhlo- 
c;ubam.ite] ) on lorn.ilo folkigo (Burchfield and Gocnag'i. 1957a). sug- 
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gesting that 30 to 80% of most fungicides is deposited in forms that have 
very poor residual properties. Pond and Chisholm (1958) recently 
reported that 26 to 63% of the amount of DDT on potatoes was lost 
during 24 hours weathering in the field, so it appears that as much as 
one-half of the value of the diemicals used for plant protection is ex- 
pended with small return. Reduction of this figure should be one of the 
chief goals of formulation research, since ft may represent an annual loss 
of the order of $100,600,000 in the United States alone. 

One reason for this high initial disappearance of fungicide may be 
unfavorable particle size distribution. Many workers have shown that 
the tenacities of fungicides increase with decreasing particle size, 
probably owing to higher specific surface. This allows for a greater total 
area of contact beriveen the fungicide deposit and the leaves Since the 
total force of adhesion is the product of the contact area and the force 
per unit area, it is evident that increasing the former automatically 
results m an increase in total £orce of adhesion Furthermore, small 
particles should resist dislodgement better since they are lighter in 
weight. Thus it is possible that the high initial losses experienced on 
weathering arise from a rapid and complete loss of large particles, 
while the tenacious part of the residue consists of small particles. Ground 
powders contain many more small particles than large ones, but the 
large ones usually contribute most to the weight. Thus one particle 
with a radius of 10^ would weigh as much as 1000 particles with radii 
of Ip.. Therefore, if particle size is a predominating factor in regulating 
tenacity, a high initial rate of loss should occur as large particles are 
removed, followed by a slower rate of loss of the remainder of the 
fungicide as is found in practice In other words, the spray deposit is 
heterogeneous with respect to particle size and consequently tenacity, 
so that plots of the logarithm of the deposit retained against inches of 
rain are usually curvilinear (Burchfield and Goenaga, 1957b). 

Primary particle size of the fungicide alone probably does not 
account for all of this effect, because aggregates of small particles can be 
formed which might behave like large particles in weathering tests. Thus 
GuIIstrom and Burchfield (1948) found it necessary to use a 0.25% 
solution of dispersing agent to defloccuJate dichlone to the point where 
the particles would sediment individually rather than in groups. Tin’s is 
far in excess of the amounts of these agents that would be included in 
commercial fungicide formulations, so it is likely that most materials arc 
aggregated to a greater or lesser extent in the spray tank and th.it these 
agglomerates are carried over onto the leaves. Further eWdence for tlic 
occurrence of interactions berivecn particles can be adduced from the 
finding of Somers and Thomas (1956) that the tenacities of copper 
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fungicides increased with decreasing initial deposit. This agrees with 
the earlier observation of Turner and Woodruff (1948) who suggested 
that particle-surface adhesion governs the tenacity of sparse spray de- 
posits while particle-particle cohesion becomes important with increasing 
deposit. This is equivalent to saying that aggregates have lower tenacity 
than discrete particles. Assuming ideal (random) distribution of the 
fungicide on the plant surface, lateral associations between particles 
would be negligible since scale drawings have shown that dichlone can 
control tomato early blight when most of the surface is unoccupied by 
particles (Burchfield and McNew, 1950). However, in practice, distri- 
bution of primary fungicide particles is probably far from random, owing 
to the presence of aggregates in the spray tank. 

Tenacity can be influenced by the spreading properties of the spray 
on foliage. Thus Bordeaux mixture applied to the waxy leaves of 
bananas collects as discrete droplets at the leaf veins (Burchfield and 
Goenaga, 1957b). On drying, these form small friable pellets of Bordeaux 
which are easily dislodged mechanically by the first rain. Tlie addition 
of a nonionic surfactant to the mixture reduces interfacial tension so that 
the droplets spread. The deposit that is formed is exceedingly tenacious, 
even in the presence of 3 times the amount of surfactant required for 
good spreading. Similar results were obtained with copper oxide de- 
posits on banana leaves, so evidently these observations hold for par- 
ticulate fungicides as well. Presumably, good spreading results in the 
formation of smaller and fewer aggregates during drying. However, 
the use of large amounts of surfactants may lead to premature runoff 
in high gallonage applications, and the foliage may be more easily rcwcl 
by rain. Spreaders could probably be used most advantageously in 
medium and low gallonage applications, providing they do not ac- 
cenluate phjiotoxicity. 

It might be possible to minimize some of the undesirable residual 
properties of spreaders by creating compounds with labile bonds that 
will hydrohve wUhin a few hours after they arc dissolved in water. Tlius 
a nonionic material sucli as 

O -(Oil,).— CH.-0— M— o— CIIr-CII.(CII.CII,0).— CIt.— CII.OH 

inii;lit he sratlicsizcd, where M is a snhslitiient which forms easily 
Iiydroljvahle bonds. Conccivahly, the inlact moicctde eonid he a good 
spreader, while the fragments formed on cleavage at the O— M or C— O 
Imnds svonld Iw inert. Tlnis, advantage conid ho t,ahcn of the heneficial 
effects of spreaders ssilliont enrountering residual detergent properties 

Stichers Iiavc also Iwcn used fn attempts to improve perfonnanco. 
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Unfortunately mudi of the early work was done with proteins such as 
casein Evidently such materials are not successful stickers in agri- 
cultural applications possibly in part because they tend to decrease the 
toxicities of copper fungicides, owmg to the formation of metal 
complexes (Heuberger and Horsfall, 1942) Recently, Somers (1956) 
evaluated forty-seven materials for their abilities to improve the re 
tentiveness of cupric oxide to cellulose acetate surfaces Encouraging 
results were obtained with agar, linseed oil, lime casern, polyvmyl 
acetate, coumerone resin, rubber latex, and polyvmyl chloride However, 
with the exception of polyvmyl acetate and dilonde, all of these ma 
terials decreased the toxicity of the CuO to Alternaria tenuis m in vitro 
tests, and none of them improved control of potato blight m field tests 
This is typical of experience with stickers They sometimes improve 
tenacity, but usually at the expense of fungitoxicity 

The tenacity of Bordeaux mixture is outstanding, compared to that 
of most other fungicides (Burchfield and Goenaga, 1957b) When 
freshly prepared or suitably preserved with adjuvants, it has the prop 
erties of a deformable hydrogel, and spreads over the plant surface to 
form more or less continuous films The first 0 5 inch of ram removes 


only 10% of the deposit, and 70% of the initial residue remams after 8 
inches of ram Furthermore, the logarithm of the tenacity is directly 
proportional to inches of ram This suggests that all components of the 
spray deposit adhere equally and that the amount of fungicide removed 
with each rainfall treatment is a constant percentage of the amount 


present at its beginning This shows that the deposit is essentially 
homogeneous On aging, 10 10 100 Bordeaux forms spheruhtes about 
5 to 6/x m diameter which have almost no resistance to weathering 
However, 10 3 2-100 Bordeaux and similar preparations retain absorbed 
water and good tenacity indefinitely, even though X ray diffraction data 
show that small crystallites are formed very rapidly after mixing (Mag 
doff et al, 1958) The superior tenacity of Bordeaux hydrogels suggests 
that tank’mrx preparations of 2 iram (zinc dimethyldilhiocarbamate) 
made by adding zinc sulfate to an aqueous solution of the sodium salt 
might be superior to the wettable powder for similar reasons (Wilson, 
1953) The iron zme, manganese and copper salts of ditluocarbamic 
acid and of 8 h> droxyqumolme could also be prepared as h>draled 
gels which might adhere to surfaces better than the co^esponding 
wettable powders if sprayed before sizable crystallites Ind a cinnee 


No matter how good the tenacity, spray deposits Mill bo atlon.nled 
by plant growth durmg the early and middle parts of the grm, mg season 
Usifally the grand period of gronth for foliage oeciirs earlier than for 
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fiiiit, thus lengthening the period during which frequent sprays must 
be applied. Frear and Worthlcy (1937) found that apple leaves on trees 
grown m southern Pennsylvania attained 2S% of their full size at the 
first cover spray on May 28, while development was 98% complete by 
June 6. By contrast, the surface area of the top fruit doubled between 
July 1 and July 26. At the time of the last cover spray there were 10 to 
16 times more chemical (lead arsenate) on the fruit tlian on the foliage. 
This must have been caused in part by the earlier growth of the former. 
Thus the limiting factor in the efficiency with which plant protectants 
can be used is the time and rate of expansion of the surfaces which must 
be protected. 


2. Intrinsic Properties Influencing Performance 

a. Physical Considerations. Intrinsic properties of fungicides, such 
as water solubility, volatility, and chemical reactivity may often play 
major roles in their performance in the infection court. Compounds such 
as copper sulfate and quaternary ammonium salts give good control of 
diseases in greenhouse tests but are ineffective in the field because they 
are easily washed from plant surfaces by rain. Consequently, successful 
foliage fungicides, with the potential exception of syslemics, should 
usually have low water solubility. This property may also govern the 
rates at which chemical changes take place in the infection court, be- 
cause reactions such as hydrolysis are probably confined to the dissolved 
portion of the fungicide m the moisture films at plant surfaces. 

The rate at which a solid will dissolve in water under continuous 
agitation is given by: 


dx , ^ 


(i) 


where i is the concentration of solute in the aqueous phase at time t, 
h Its soluMity, A the surface area of the solid and k a proportionality 
constant. The rate of solution therefore depends on water solubility 
as well as specific surface. 


Although most fungicides are generally regarded as being insoluble, 
this IS only true ui a relative sense. If a compound were truly insoluble 
It would be unlikely to be fungitoxic because of its inability to reach and 
permeate the protoplasm of spores and mycelia. From the standpoint 
of toxic dose commercial fungicides have appreciable solubility in 
water, that of Dyrene being about 10 p.pm. and that of dichlone about 
7 p.p.m. Compounds with solubiUties greatly exceeding these values 
would probably have poor residual properties when exposed to rain, 
■ Burehiicld, H. P. Onpiiblislied data. 



12 PEnFOiiMANCa: ot hjngicidls 


491 


while compounds uhicli are insoluble compared to dichlone might be 
unable to read) vital sites in the fungi 

Fungicides can also disappear from the infection court by sublima 
tion The air in direct contact with small spherical particles of volatile 
compounds is saturated with vapor, and the rate of exchange of mole- 
cules between the solid and its surrounding shell of vapor is very rapid, 
compared to the rate at ^vhlch the vapor can diffuse away into the air 
Consequently, rate of evaporation is determined in part by rate of 
diffusion through the surrounding air, and is given by 

dm 4irrDMp 
" dT " “ RT 

where —dm/dt is the rate of weight loss of a single particle, r the radius 
of the particle, D the diffusion coeflScient of the compound, Af its mo 
lecular weight, p its vapor pressure, R the gas constant, and T the 
absolute temperature Thus the molecular weight of the compoimd and 
its diffusion coefficient, as well as vapor pressure, influence rate of 
dissipation by sublimation It is also noteworthy that the weight loss of 
small particles is proportional to their radii and not to their surfaces 
Thatcher and Streeter (1925) have shown that sulfur deposits are 
attenuated by sublimation More recently Miller and Stoddard (1957) 
found that o chloronitrobenzene had strong fumigant action, penta 
chloronitrobenzene moderate fumigant action, and captan and chloranil 
(tetrachloro p benzoquinone) weak fumigant action when tested agamst 
4 species of fungi in closed containers Tbiram (tetramethylthiuram 
disulfide) and other related compounds were ineffective This suggests 
that sublimation might be an important factor in the disappearance of 
some of these compounds from the infection court and be negligible 
m others Decker (1957) regards sublimation to be highly important in 
determming the rate of residue loss of insecticides He points out that 
persistence is directly proportional to the logarithm of the time of 
exposure under conditions where losses caused by wind, ram, and 
plant growth are negligible Furthermore persistence of insecticides on 
foliage decreases m the order DDT > methoxychlor > toxaphene > 
dieldrin > chlordan > heptachlor > aldrin > lindane, which is the order 
of increasing volatihty Smce most of these compounds are stable 
chemically, sublimation appears to be the only reasonable uay to ac- 
count for then* disappearance 

As shoivn earlier, fungicides must be ground to small particle size 
to obtain adequate coverage of plant surfaces Houever, extreme sub 
division may lead to poor persistence when the compound is \oIatjIc 
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or can react chemically in the infection court. The total surface of 
fungicide per unit area of plant or fruit is 

A = SG/rd ((i) 

where A is the surface, G the weight of fungicide per unit area, d its 
density, and r the particle radius. Tims the surface of fungicide exposed 
to weathering is 10 times greater at a particle radius of 0.5;u than at 
Sfi. Burchfield and McNew (1950) suggest that a compromise between 
coverage and surface exposed might be reached by selecting a particle 
radius near where disease control is achieved at minimum total surface 
of fungicide. Theoretical calculations based on data obtained on dichlone 
show this to be 

rJ 3 r^49u (7) 

where the constants are the same as those of equation (3). This relation 
IS based on the fact that when particle size is large, specific surface is 
small. However, so much material is required to give disease control 
that the total surface of the fungicide per unit area of plant is large, 
showing that it is not being used efficiently. As particle radius is reduced, 
coverage improves faster than specific surface increases, so that the total 
surface of fungicide required for control of the disease decreases. Finally, 
when the surface nears saturation with particles, the effect of increased 
specific surface predominates, and the total surface of fungicide per 
unit plant area required for disease control increases. Tlie radius of 
4.9;i given by equation (7) is at the minimum of this curve. 

When dichlone preparations having mean particle radii of 1.5 and 
3 6fi. were evaluated for capacity to control tomato early blight, fungi- 
cidal efficiency diminished by only 30% when the plants were held in 
week between spraying and inoculation. At 
radii less than 1^, 80% of the protective value of the fungicide was lost, 
and at radii of 8 4/i and above it disappeared altogether. Presumably 
t e total failure of the larger particle size preparations to control the 
disease arose from poor tenacity even in the absence of rain. Sulfur has 
also been shown to have impaired residual properties at very small 
particle size, but fixed coppers do not, possibly because they are chemi- 
wlly stable and have negligibly low vapor pressures (Horsfall, 1956). 
Thus the optimum size distribution for good persistence is regulated 
by Uic intrinsic chemical and physical properties of the fungicide. 

h. Chemical Reactions. Plant protectant fungicides are labile chemi- 
cals that can react within spores or in the external environment. Typical 
reactions which can take place at foliage surfaces include oxidation. 
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carbonahon, photolysis, and hydrolysis In some cases metal ions can 
be chelated by components of guttntion fluids or substances excreted by 
fungus spores 

Many compounds such as dihydric phenols and mercaptans are 
susceptible to oxidation TIius aqueous solutions of hydroqumone and 
1,4 dihydroxynaphthalene become orange red on exposure to air, par 
ticularly at high pH values Tins results from oxidation to qumones 
which can react further to yield colored polymenc materials called 
humic acids In the case of hydroqumone, the following reactions 
probably take place at pH 8 


on II II 

+ o, + H A - iT^" 


-f H2O — ♦ humie acids 


When all of the hydrogen atoms adjacent to the carbonyl groups of the 
qumones are replaced with chlonne atoms, as in chloranil and dichlone, 
secondary reactions with hydrogen peroxide cannot occur The reduction 
products of these toxicants, tetrachlorohydroquinone and 2 3 dichloro 
1,4 dihydroxynaphthalene, respectively, are as good plant protectants 
as the parent qumones This observation has no practical significance 
from the standpomt of disease control, since it is more convenient to 
use these compounds m their oxidized states However, it serves to point 
out that many fungicides can exist in oxidized and reduced forms, and 
that these may be interconvertible on plant surfaces 

The best authenticated example of the oxidative activation of a 
fungicide in the infection court is represented by nabam (disodium 
ethylenebis[dithiocarbamate] Nabam is a water soluble compound 
that is fungistatic but not fungicidal Spores immersed in a 10^ solution 
of it are able to germinate after they are removed and washed with 
water Even though water soluble, it often gives good persistence and 
disease control on foliage, suggestmg that it is converted m situ to 
water msoluble compounds xvith high fungitoxicity Ludu ig et al 
(1954) demonstrated that it can be oxidized to ethylenethiuram mono 
sulfide and polymers and that these materials appear to be toxic to 
fungus spores Sijpesteyn and van der Kerk (1954) confirmed these 
findings but suggested that tlie toxic principle is ethylene dnsothio 
cyanate, generated either directly from nabam or its oxidation products 
This conclusion was later supported by Thom and Luduig (1954) 
Thus satisfactory evidence is available that nabam is oxidized on plant 
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surfaces to a material with good residual properties and that this deposit 
then generates a nascent toxapliorc. 

Aside from oxygen, carbon dioxide is the only component of dry air 
known to react with fungicides. It converts the excess lime of Bordeaux 
mixture to calcium carbonate within a few hours after spraying. Tlic 
copper components of Bordeaux mixtures containing more than 25 
lb. of lime per 10 lb. of cupric sulfate have average compositions of 
Cu4Ca„SO,(OH)8.=n-3: H^O (Magdoff ct al, 1958). Carbonic acid 
may react with some of these highly basic materials to form products 
with different physicochemical properties. On prolonged washing of 
Bordeaux deposits with water, calcium and sulfate ions are removed, 
and the amount of soluble copper increases. Reckendorfer (1936) sug- 
gests that the copper in Bordeaux mixture is solubilized by the formation 
of copper bicarbonate. However, Wilcoxon and McCallan (1938) point 
out that basic copper carbonate, rather than CuCOj, is obtained by 
ordinary methods of preparation, and they state that it is unlikely that 
an acid carbonate could be formed under as low pressures of CO^ as 
exist in the atmosphere. Free (1908) found that CO* increased the 
amount of soluble copper in equilibrium with insoluble basic copper 
c^bonate by a factor of 5. The additional copper thus dissolved is in- 
significant stoichiometrically, but could have a pronounced influence on 
preventing germination of fungus spores. The exact role of carbon 
dioxide is regulating the properties of Bordeaux is uncertain. Similarly 
there is very little information available on its effects on lime-sulfur 
deposits, where it could play a dominating part in regulating the prop- 
erties of the residues. 

V decomposition of some groups of pesticides can be initiated by 
ight Thus, p-benzoquinone yields hydroquinone and a product be- 
exposed to light of wavelength less than 
5770 A. The quantum yield is 0505. The efficiency of the photochemical 
process decreases as chlorine atoms are substituted into the molecule, 
so that the quantum yield for chloranil is only 0.095. Despite this low 
efficiency, aqueous solutions of it are very unstable unless stored in 
the dark. 

The threshold wavelength region for the photolysis of quinones 
decreases with decreasing oxidation potential. Thus, chloranil with a 
potential of 0-73 volt and a threshold region in the neighborhood of 
1 - m ^ V readily when exposed to light than 

dichlone which has an oxidation potential of only 0.42 volt. Measure- 
ments of the decomposition rates of the hvo compounds in dioxane-water 
solutions exposed to sunlight show that dichlone is the more stable 
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(Burchfield and McNew, 1950). This agrees with practical experience, 
for although chloranil is a good seed protectant, it has poor persistence 
on foliage, while dichlone is an eflFective fungicide in both areas of 
application. 

Many fungicides containing reactive halogen atoms can hydrolyze in 
solution. These include captan, Phaltan [2V-(trichIoromethyIthio) 
phthalimide], Dyrene [2,4-dichIoro-6-(o-chIoroanilino)-s-triazine], di- 
chlone, and chloranil. Generally the reactions proceed by replacement 
of a halogen by a hydro.xyl ion, so that they take place more rapidly 
in alkaline than in acid media. Thus, Daines et al. (1957) found that 
captan decomposes slowly at pH 7 and instantaneously in the presence 
of sodium hydroxide. Actually, decomposition is rapid even in neutral 
solution, as shown by the finding that captan has a half-life of only 
2.5 hours in aqueous buffer at pH 7 (Burchfield and Schechtman, 1958) 
However, it persists much longer than this on foliage because of its low 
solubility in water and the fact that only material in true solution can 
hydrolyze. Nevertheless it is an unstable compound in this respect, 
compared to Dyrene, which has a half-life of about 22 days under 
similar conditions (Burchfield and Storrs, 1956). This shows that 
hydrolysis might be an important factor in the depletion of captan 
residues, and inconsequential in the case of Dyrene. 

Some fungicides containing copper and perhaps other metals can be 
chelated by amino acids, hydroxy acids, and other compounds found in 
the guttation fluids of higher plants and excretions of fungus spores 
(Horsfall, 1956). Thus glycine, aspartic acid, and sodium malate will 
sequester copper from Bordeaux mixture, and even sucrose will complex 
it at high pH values. This has led to a wealth of work and speculation on 
whether the copper in Bordeaux deposits is mobilized by the action of the 
host plants or by the spores themselves. McCallan and Wilcoxon (1936) 
found that water extracts from 100,000,000 fungus spores dissolved from 
0.013 to 1.01 mg. of copper from Bordeaux mixture, depending on the 
species. In the case of Neurospora stfophila, the amount of copper 
solubilized was about 3500 /ig. per gram of spores, exclusive of the 
amount that might have been taken up by them. Determination of the 
total solids excreted by the spores showed that the species excreting the 
most were also most active in dissolving TOpper from Bordeaux mixture. 
Furthermore, the five fungi tested differed little in susceptibility to 
copper poisoning when it was administered as cupric sulfate, but in 
general the species capable of solubib'zing the greatest amount of copper 
from Bordeaux mixture was most sensitive to it. Malic acid was identified 
as one of the excretion products of N. sitophQa. Its copper complex Iiad 
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about the same toxicity to spores as copper sulfate, suggesting that at 
least part of the copper dissolved by the action of the spores may be 
present in a form readily assimilable by them. This is not always true. 
Glutamine, asparagine, and some proteins are known to reduce the 
toxicities of copper fungicides (Horsfall, 1956). Probably each copper 
chelate has its own unique bioactivily depending on its stability constant, 
diffusion coefficient, and capacity to permeate spores. 

The nature of the host leaves and invading fungus also influences the 
toxicity of Bordeaux mixture. Yarwood (1943) found cupric sulfate to 
be 100 times more toxic than Bordeaux to rust spores in vitro, but only 
one-tenth as effective for preventing infection of bean plants by the 
fungus. This seems to have arisen from a synergistic interaction bet\veen 
the Bordeaux deposit and bean leaves rather than from secondary 
effects such as poor weathering of the cupric sulfate residue, for the 
protective action of Bordeaux deposits was not potentiated when used 
for the control of downy mildew of cucumber. Thus, organic copper 
chelates may have been formed by chemical reactions on the bean 
foliage that were more toxic than the original spray residue. 


3. Physicochemical Basis of Phijtotoxidty 

Inj^ to the host plant is often a limiting factor in the use of fungi- 
cides. This must be expected, since most chemicals used as protectants 
can react with components of protoplasm, chelate essential metals, or 
ac^mulate at vital biological interfaces. They are less specific in their 
action than antimetabolites such as the sulfanilimides, and are likely to 
be Phytotoxic if they can penetrate the cuticularized tissue protecting 
the host. Thus compounds such as dichlone, which otherwise can be used 
^ cause severe burning when mixed with oils, 

presumably, the fungicide dissolves in the hydrocarbon, which enables it 
to permeate the leaf tissues more efficiently 

fungicide and a phytotoxic 
'he length or nature of a side cLin. In a 
hit ontr f f Wellman and McCallan (1046) found 

IhltTrih r® oh'amed when the alkyl sik chain sub- 

atoms h,t h heterocyclie ring ooXined 17 carbon 

S mTlarlv “"'Pound was phytotoxic 

SmBann ^ that derivatives of 2,4- 

dichloro-6^nihno-s-triazine are good protectant fungicides while Koop- 

Xace“of a°;r;^o‘p! *" 

chan^iiTsc^Zit^’^” 
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Thus, Compound (I) is not accumulated rapidly by fungus spores, 
and IS ineffective for the control of early and late blights of tomato Its 
solubility in water is about 100 ppm, and it injures the test plants 
Substitution of a methyl group m the ortho position of the benzene 
ring (II) reduces solubility to 60 ppm and results in improved fungi- 
toxTcitv while a chlorine atom m this position (III) enhances its proper- 
ties still further The solubility of Dyrene (HI) m water is only 10 
nnm and it is a far better fungicide than (I) Furthermore, it is not 
Xtotoxic to the test plants under conditions where (I) produces severe 
injury Smce both compounds react with the same metabolites and com- 
nete for the same sites within fungus spores, it is hkely that they have 
die s^l mode of action (Burchfield and Storrs, 1957a) Therefore the 
iLrence in phytotoxieity between these compounds may arise from a 
Iff ee in solubilitv oud hcnce in rate of movement Compound (I), 
h 10 times more ^soluble in water than (III), might dissolve faster 
® 1 r films and move into the host plants through the stomata 
in moisture in the movement of these compounds. 

Water seems ‘o ^e ‘mpteat pepper plants 

since a moist kmher for 24 hours heforc being 

when they . , ‘ pjentj sprayed with D>Tcne and transferred 

placed in The leas es arc dropped 

Lll turgfd b> disintegration of the abscission lajcr, so ciidcnth 
dns compound can be translocated to some extent under extreme eon- 
cljtions of humidity 
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However, solubility cannot be tlic only factor governing phytoloxicity, 
since captan is at least as soluble as Dyrene in water, and it is 
considerably safer for use on apples for the control of scab. An explana- 
tion might be sought in the fact that the half-life of captan in buffer 
at pH 7 is only about 2.5 hours, compared to about 22 days for Dyrene, 
so that their longevities in the aqueous phase differ by a factor of more 
than 200 While captan might diffuse far enough to reach fungus spores 
or localized regions within the plant tissues, it would not have the range 
of penetration of Dyrene because of its shorter life. Thus the inter- 
meshed effects of water solubility, diffusion coeiBcient, and hydrolysis 


rate, in combination with intrinsic biological activity, might help to 
explain why some compounds are phytoloxic and others are not. 

It is interesting that the injury caused by both captan and Dyrene 
can be reduced by formulation with calcium carbonate. Both compounds 
produce hydrochloric acid on hydrolysis, and in the case of captan the 
acidity might become high enough to burn the plants (Daines et ol, 
1957). Tlio presence of the carbonate would tend to minimize this 
through neutralization of the acid with the formation of CaCb and COj. 
Daines ct al. (1957) showed that kaolinite, which has a low capacity 
tor disposing of acids, aggravates inj'ury. However, Dyrene decomposes 
so slowly that the concentration of HCl at the plant surface is never 
1 ’c y to ^ c very high. It is possible that calcium carbonate safens it by 
accelerating its decomposition rate in the aqueous phase so that the 
range over which it can diffuse is limited. 

Evidently the hydrolysis products of Dyrene are harmless, but in 
some cases the breakdown products of fungicides are more injurious than 
ho original compounds. Tims, aqueous suspensions of diehlone forniu- 
latcd wiUi some attapulgite clays slowly become deep red in color and 
u hviFmw^^n Presumably the red compound is 

--hydrox5-3-chloro-l,4-naphthoquinone. Although it is a weak fungicide 
“e™ me of“’/‘t °r’ “ permeate leaf tissues more rapidly 

group ® 


tvnrof htalL- T with a basically different 

enrol s o® r rr''/ “"“'"'"on. Tims. l-niioro-2.4.dinitro- 

ciirciic IS probably toxic to simrcs because it can participate in siibsli- 
hilion reactions xvith mct.abolitcs such as amino acids al rotcl while 

oxil‘ ol’'simir^'r‘’ -ncoiiplcs phosphorylation from 

nW on h -dl P™ •''*'"™'‘r'>l«tnzenc produces Intacliloro- 
hlve differ!.’ - '’r ’, "' “-"pa'inds arc good fulicidos but 

I hul fo ir'''"" 1 •'■«= former being used fn soil and 

lilt latlrr for the protection of xvood. Tlieso observations suggest that 
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about the same toxicity to spores as copper sulfate, suggesting th 
least part of the copper dissolved by tlie action of tlie spores ma 
present m a form readily assimilable by them This is not always 
Glutamine, asparagine, and some proteins are known to reduce 
toxicities of copper fungicides (Horsfall, 1956) Probably each cc 
chelate has its own unique bioactivity depending on its stability con: 
diffusion coefficient, and capacity to permeate spores 

The nature of the host leaves and invading fungus also influence 
toxicity of Bordeaux mixture Yarwood (1943) found cupric sulfa 
be 100 times more toxic than Bordeaux to rust spores tn vitro, but 
one tenth as effective for preventmg infection of bean plants b; 
fungus This seems to have arisen from a synergistic interaction bet 
the Bordeaux deposit and bean leaves rather than from secoi 
effects such as poor weathering of the cupric sulfate residue, fo 
protective action of Bordeaux deposits was not potentiated when 
for the control of downy mildew of cucumber Thus, organic c( 
chelates may have been formed by cliemical reactions on the 
foliage that were more toxic than the original spray residue 

3 Physicochemical Basts of BhtjtoloxictUj 

Injury to the host plant is often a limiting factoi in the use of i 
cides This must be expected since most chemicals used as protei 
can react with components of protoplasm, chelate essential meta 
accumulate at vital biological interfaces They are less specific in 
action than antimetabohtes such as tlie sulfanihmides, and are hki 
be pliytotoxic if they can penetrate the cuticularized tissue prot« 
the host Thus compounds such as dichlone, which otherwise can be 
safely on many plants, will cause severe burning when mixed witl 
Presumably, tlie fungicide dissolves in the hydrocarbon, which enal 
to permeate the leaf tissues more eflBciently 

Sometimes the difference between a safe fungicide and a phyt 
compound is determined by the length or nature of a side chain 
study of imidazoline derivatives Wellman and McCallan (1946) 
that optimum fungitoximty was obtained when the alkyl side chan 
stituted in the 2 posihon of the heterocyclic ring contained 17 c 
atoms, but when it contained 11 carbons the compound was phyti 
Similarly, Schuldt and Wolf (1956) showed that derivatives o 
dichloro 6 anilino s triazine are good protectant fungicides, while 
man and Diims (1958) found that similar triazmes containing al 
place of aryl groups are herbicides 

Some of these differences in specificity of action may arise 
changes in solubility relationships 
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However, solubility cannot be iJic only factor governing pliytoto\tcity. 
since captan is at least as soluble as Dyrene in water, anti it is 
considerably safer for use on apples for the control of scab. An cvplana- 
tion might be sought in the fact that the half-life of captan in buffer 
at pH 7 IS only about 2.5 hours, compared to about 22 days for Dyrene, 
so that their longevities in the aqueous phase differ by a factor of more 
than 200 While captan might diffuse far enough to reach fungus spores 
or localized regions within the plant tissues, it would not have the range 
of penetration of Dyrene because of its shorter life. Thus the inter- 
meshed effects of water solubility, diffusion coefficient, and hydrolysis 
rate, m combination with intrinsic biological activity, might help to 
explain why some compounds are phytoloxic and others arc not. 

It is interesting that the injury caused by both captan and Dyrene 
can be reduced by formulation with calcium carbonate. Both compounds 
produce hydrocliloric acid on hydrolysis, and in the case of captan the 
acidity might become high enough to bum the plants (Daincs ct oh, 
1957) Tlio presence of tlic carbonate would tend to minimize this 
tlrrough neutralization of the acid with the formation of CaClj and COs. 
Daines et al. (1957) showed that kaolmite, which has a low capacity 
for disposing of acids, aggravates injury. However, Dyrene decomposes 
so slowly that the concentration of HCI at the plant surface is never 
likely to be very high. It is possible that calcium carbonate safens it by 
accelerating its decomposition rale in the aqueous phase so that tlic 
range over which it can diffuse is limited. 

Evidently tlie hydrolysis products of Dyrene are harmless, but in 
some cases the breakdown products of fungicides arc more injurious tlian 
the original compounds. Thus, aqueous suspensions of dichlone formu- 
lated witli some attapulgite clays slowly become deep red in color and 
are ’pt.vVatox.e to IwgVier yAwite. \Vre letl cDmxiutmd « 

2-hydroxy-3-chloro-l,4-naplithoquinone. Although it is a weak fungicide 
compared to dichlone, it can probably permeate leaf tissues more rapidly 
because of the higher water solubility conferred on it by the hydroxyl 
group. 

Examples where fungicides have conjugates with a basically different 
type of biological activity are not uncommon. Thus, l-fluoro-2, 4-dinitro- 
benzene is probably toxic to spores because it can participate in substi- 
tution reactions with metabolites such as amino acids and proteins, while 
Its hydrolysis product, 2,4-dinitrophenol, uncouples phosphorylation from 
oxidation. Similarly, pentachloronitrobenzene produces pentachloro- 
phenol on hydrolysis. Both these compounds are good fungicides but 
have different areas of application, tlie former being used in soil and 
the latter for the protection of wood. These observations suggest that 
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tile aiiirgin of safety wliicli sepaiatcs a fiingitoxic dose of cliemical from 
a phytoto.xic dose might be nanowed perilously if interactions in the 
infection court convert a compound that is predominantly fungicidal 
to one witli herbicidal properties. 


III. ThiI/VTMen't of Soils a\d Seed 


A. Chemical and Biological Interactioiis 
1. Microbial Conversions 

The large and diversified population of microflora and microfauna 
inhabiting soils leads to many complications in the control of plant 
afflictions of subterranean origin that are not encountered above ground 
Indiscriminate uptake and dissimilation of pesticides by a variety of 
parasites, saphropliytcs, and symbionts is one of these. Thus phenol, 
which is used as a standard in testing bactericides, can serve as a sole 
source of carbon for many soiI-inhabiting organisms It is Brst Iiy- 
droxylated in the ortho position of die benzene ring to yield catechol, 
which is subsequently oxidized to o*benzoqumone. The latter compound 
tlien undergoes ring cleavage with the formation of ketonic and alde- 
hydic acids (Evans, 1947). 


OH OH 

0-a"- 


aliphatic compounds 


One of the intermediates is degradation, o-benzoquinone, is a highly 
effective but unstable fungicide (McNew and Burchfield;. 1951). Benzoic 
acid is metabolized similarly, with the probable formation of 3,4- 
diliydroxybenzoic acid and (he corresponding quinone as intermediates. 
Other aromatic compounds oxidizable by soil microorganisms include 
p-hydroxybenzaldehyde, syringaldehyde, vanillin, and f erulic acid ( Hen- 
derson and Farmer, 1955). Of 61 fungal isolates from soil that could 
use these compounds as sole sources of carbon, 2 were Mucor species 
and the remainder, Deuteromycetes. 

Even hydrocarbons can be metabolized, as demonstrated by the 
finding of Murphy and Stone (1955) that naphthalene was destroyed by 
Pseudomonas sp. with the sequential formation of salicylic acid, cate- 
chol, and /3-adipic acid. Corynebacterium italicum degrades hexadecane, 
tetradecane, and decane completely (Ladd, 1956). This species also 
oxidizes fatty acids and alcohols containing 1 to 11 carbon atoms as 
well as several aliphatic aldehydes and higher methyl ketones. Other 
cliemical reactions that can be catalyzed by the enzymes of microorgan- 
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isms include cleavage of aromatic etiiers to yield phenols and decar- 
boxylation of aromatic acids (Henderson, 1957) 

Microorganisms isolated from soil can metabolize pesticides contain- 
ing nitro groups Thus, Gundersen and Jensen (1956) isolated a strain 
of Conjnebactenum simplex that could use 2,4 dmitro o-cresol as a sole 
source of nitrogen and carbon when cultured in agar or liquid media 
Degradation was probably initiated by an attack on the para nitro 
group followed by hydrolysis of tlie group ortho to the hydroxyl, result- 
ing in the elimination of inorganic nitrite and the formation of dihydric 
and trihydric phenols One of the nitro groups must be para to a 
hydroxyl group for dissimilation by this particular organism, for p-nitro- 
benzoic acid was not attacked, although it can serve as a sole energy 
source for the aerobic growth of a strain of Pseudomonas jiuorescens 
Intermediates m the metabolism of this latter compound include p amino- 
benzoic acid, p hydroxybenzoic acid, and protocatechuic acid (Durham, 
1957) This last compound is a naturally occurring fungicide responsible 
for the resistance of red onions to smudge (Angell et ol, 1930) The 
nitro group of p nitrobenzoic acid is reduced to an ammo group, which 
IS then split off by ammonolysis, a reaction that would not occur under 
physiological conditions unless catalyzed by enzymes 

Other nitro compounds degraded by Corynebacterium simplex in- 
clude p nitiophenol, 2,4 dmitrophenol, and picnc acid, all of which have 
some measure of bioactivity As might be expected, the bacteria must 
be adapted to the substrate before they can commence tlieir attack, but 
this takes place with remarkable rapidity in the case of dimtro o cresol 
Continued treatment of soil with this chemical results m its enrichment 
m microorganisms active in dissimilation Thus the toxic effect of dmitro- 
o cresol to higher plants persists for a long time on the first addition 
of tile compound to sod, but repeated applications result in a gradual 
shortening of the time required for detoxication Presumably this treat- 
ment kills off highly susceptible organisms and results m the multiplica- 
tion of species able to use the toxicant for a substrate Thus continuous 
use of some pesticides m soils may result in reduced efficiency owing 
to shifts in the microbial population 

Howexer, changes m microbiological balance might be advantageous 
when fungicides are selective enough m action to suppress the growth 
of plant pathogens and at the same time permit multiplication of species 
naturally antagonistic to tliem Tims, Moje at al (1957) found that 
acctylcncdicarboxylic acid treatments stimulated the production of an 
almost pure culture of Tnciiodcmui otnde m soil, while crotonic acid 
resulted m a preponderance of Pusarium solani Tliese autliors suggest 
this might be an indirect method for controlling disease, since T uiridc 
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is known to be antagonistic towards root rot and damping-off organisms 
such as Vhijtophthora and Rhizoctonia spp. Similarly, Richardson (1954) 
found that thiram protected pea seedlings for a longer time than it 
persisted in soil. He suggested that thiram-resfstant species such as 
T. viride became dominant, and this suppressed the pathogens through 
competition or direct antagonism. He pointed out that T. viride is known 
to produce two antibiotics, gliotoxin and viridin, and can protect seed- 
lings of several species of plants from damping-off organisms. 

Biologically active compounds might also be generated from inert 
precursors in soils. Well-attested cases of the in situ activation of fungi- 
cides in this medium have not been described, but the conversion of 
2,4-dichlorophenoxyethyl sulfate to 2,4-D provides a good illustration 
of this process from the related field of plant growth regulation. The 
former compound is nontoxic when sprayed on plants, but is a pre- 
emergence herbicide when mixed in sod. Vhtos (1952) showed that it 
was hydrolyzed to 2-(2,4'dichIorophenoxy)ethanol by Bacillus cereus 
var. mxjcoides under conditions where acid catalyzed hydrolysis would 
not be expected to take place. The intermediate alcohol was then oxi- 
dized to the active principle 2,4-D. Organisms capable of this latter 
conversion were not isolated. Thus microbial action, possibly in combina- 
tion with spontaneous chemical reactions, can create toxicants from 
biologically inert compounds. This possibility should be kept in mind 
in designing new organic molecules and in interpreting the results of 
bioassay. Cases where candidate compounds are highly active in some 
soil environments and fail miserably in others occur much too frequently 
to be ascribed entirely to experimental shortcomings. 

2. Spontaneous Reactions with Metabolic Debris 

Fertile soils are rich in organic matter resulting from tlie decay of 
plant and animal debris. Segments of the carbon and nitrogen cycles 
operate continuously in them and generate a host of metabolites and 
their degradation products. Many of these contain amino, phenolic, 
and other nucleophilic groups whicli can react spontaneously with some 
fungicides. Thus, Stevenson (1956) isolated 29 ninhydrin-positivc com- 
pounds from the hydrolyzate of an extract from silt loam soil. Tijc fot.d 
weight of amino acids averaged 5.7 mg. per gram. Undoubtedly many 
of these were present originally as components of proteins or polypep- 
tides, since free amino acids are dcaminafed in 26 to 36 hours when 
added to soil (Greenwood and Lecs, 1956). However, some peptides 
and proteins are more reactive tlian Uieir component amino acids u/tli 
toxicants containing reactive halogen (Burclifield and Storrs, 1956). 

Many of Uic reactions of pcstiddes witii metabolic debris take place 
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through addition or substitution mechanisms. Fungicides that can under- 
go addition reactions include some quinones, N-arylmaleimides, and 
compounds with double bonds o-jS to carbonyl groups. These chemicals 
can react with free amino and sulfhydry] groups as follows, using a 
inaleimide as an example: 


\ 


HjC-C 


N— 0 + RSH • 


V 


\ 

/ 


Sometimes compounds which appear to undergo substitution reactions 
actually combine hy addition. Thus bis(/3*chloroethyl)sulfone reacts 
with amines in a way that ostensibly suggests substitution of a chlorine 
atom by nitrogen. Yet it has been shown that dehydrochlorination first 
occurs with the formation of vinyl sulfones as intermediates (Price, 
1958). The over-all course of the reaction is therefore: 


(ClCH,CH»)aSO, + 4RNHj |(CH2=CH)jSO,l - (RNHCHjCH:)SO» -f- 2RNH,C1 


Fungicides that can participate in true substitution reactions include 
dlchlone, chloranil, Dyrene, pentachloronitrobenzene, captan, phaltan, 
l-fluoro-2, 4-dinitrobenzene (FDNB), nitrochlorobenzenes and naphtha- 
lenes, and compounds with allylic halogen (Burchfield and S^uldt, 
1958). They differ enormously in stability towards hydrolysis and reac- 
tivity with various metabolites. Yet their over-all reactions are very 
similar, as exemplified by the combination of a para-substituted nitro 
benzene witli an amine: 



Y -t R— NK, 



— NH— R + HY or H+Y~ 


In this example, NO 2 is tlie activating group and Y the reactive group. 
Usually it is customary to think of Y as a halogen atom as in FDNB, 
Dyrene, and similar compounds. This shortsightedness may result in 
many missed opportunities in the field of pesticides, for purely chemical 
studies have shown that Y can be groups such as — NO 2 , — SO3H, 
— — 3 ( 0113 ) 2 % — 0^N02, and . — SO^^. Thus the reactive 
group in the fungicide pentadiloronitrobenzene (PCNB) and some 
related compounds is not one of llie chlorine atoms as would commonly 
bo supposed, but tlio nitro group (Betts ct al., 1055). 

Most of these compounds probably react with metabolic debris by 
one or the olher of trvo basic mechanisms. These are: first order nucleo- 
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pliilic substitution (Sn ) and second order nucleophilic substitution 
(Sn^) In Sn reactions the rate controlling step is the ionization of a 
halogen atom or equivalent group to form a carbonium ion which then 
reacts with any nucleophile that happens to be handy The kinetics are 
therefore first order, so tliat the rate of disappearance of tlie toxicant is 
independent of the concentration of metabolite Thus a compound re 
acting by an Sn, mechanism will disappear from sod at constant rate 
Under the same moisture, pH, and temperature conditions regardless of 
organic matter content In Sv, reactions a transition complex is formed 
between the toxicant and metabolite, and the reaction is bimolecular 
Therefore the persistence of toxicants whicli react by this mechanism 
will be dependent on the concentrations of nucleophilic compounds in 
soils, assuming of course that losses due to hydrolysis and microbial mter 
actions are not rate determmmg The fungicides Dyrene and FDNB have 
been shown to react with metabolites by the Sn mechanism (BurchBeld 
and Storrs, 1956, 1957b) Often these reactions take place more rapidly 
than hydrolysis, so that theoretically at least they could play important 
roles in the depletion of some fungicides m soils Thus tlie half life of 
Dyrene in aqueous phosphate buffer at pH 7 is about 22 days, com 
pared to 1 Iiour when 0 1% of the ammo acid hydroxyproline is added 
Other metabolites known to react rapidly with Dyrene and related s 
triazmes mclude tyrosine, nicotinic aad, p aminobenzoic acid, and gluta 
thione Burchfield and Storrs (1956, 1957b) studied tlie reactions of 
-s triazme derivatives and FDNB with more than 60 metabolites, and 
found that apparent velocity coeflScients varied by more than one 
thousandfold, depending on the functional groups involved and their 
positions in the molecules 

Only the ionized groups of metabolites (R — NHj, R — S, etc) 
are known to participate in these reactions The R — NHs* and RSH 
groups are either inert or react ejcfremcly slowJy Consequently, apparent 
reactivity depends on the ionization constants of the functional groups 
(K) and tlie hydrogen ion activity of the medium (an*) TJierefore the 
second order velocity constant for the reaction of a fungicide at initial 
molar concentration a with the functional group of a metabolite at con 
centra tion h is 


2 3{)3(A: + a//-*-) 
i{a ~ b)K 


log 


b(a — x) 
a{b — x) 


(S) 


where x is the amount of fungicide reacted at tune t The reactivities 
of metabolites with high pK values are therefore dependent on hydrogen 
ion activity, so tliat each unit increase m pH represents a tenfold incre- 
ment in apparent reactivity up to about pH 8 to 10, dependmg on tlic 
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substrate However tbe reactivities of molecules witli very low pK 
values, such as p aminobenzoic acid and pyridine derivatives, are almost 
completely independent of pH increases above 6 Consequently in alka- 
hne soils and Sm, toxicants might react preferentially with alpihatic 
amines and phenols because of the high intrinsic reactivities of the 
R— NH 2 and O groups, whereas in soils at pH 5 to 6 they might 
react preferentially with aromatic amines and compounds related to 
the pyri din e nucleotides because of the greater ionization of these groups 
under acid conditions Therefore reaction specificity as well as over all 
rate of disappearance of fungicide may be regulated by the pH of the 
soil 

3 Persistence in Sods 

Pesticide residues m sods can be depleted by microbial dissumlation, 
hydrolysis, and chemical reactions with organic matter as well as by 
purely physical processes such as evaporation and leaching by water 
Therefore, measurements of residual pesticide made by chemical or bio 
assay methods indicate over all rate of disappearance only, without 
providmg any information on tlie fate of the toxicant Nevertheless, it 
IS possible to gam some insight into the various processes involved by 
storing treated sods m closed containers at constant temperature and 
moisture content to minimize some of tlie physical variables 

Under tliese conditions the half life of captan at an initial concentra 
tion of 100 fig of fungicide per gram of composted loam soil was about 
3 5 days at 25® C , compared to a stability of only 2 to 3 hours when it 
was dissolved in aqueous phosphate buffer at pH 7^ The greater sta- 
bility® of captan in sod than m water may arise from the fact tint it 
was mixed witli soil as solid particles which must dissolve m soil moisture 
before hydrolysis, uptake by sod microorganisms, or reactions with 
metabolic debris can take place Tlie solubility of captan in water is 
between 8 and 70 p p m , so that rales of solution and diffusion might be 
limiting factors in controlling breakdown rate Tins speculation is given 
some support by the finding that all pesticides containing reactive 
halogen so far examined are more stable in dry than in moist sod 

In contrast to the behavior of captan, the half-life of Dyrcne in moist 
sod IS less than one day, compared to a half life m aqueous buffer of 
about 22 days Since it is about as soluble m water as captan (10 p p m 
compared to 8-70 ppm), factors other than hydrolysis and solu- 
tion rate must play important roles in its depletion, for based on the 

* Burchfield, H P Unpubluhcd 

•IJcrcaftcr tho word “stabihlj” refers to the tunc required for one Inlf ihe 
[Miticuitf iliwi |>car 
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soil stability — hydrolysis rate ratio established for captan — it should 
survive for a minimum of 2 years m soil FDNB is more soluble in water 
(about 400 ppm ) tlian captan, and hydrolyzes m aqueous buffer at 
about tlio same rate as Dyrene Yet its stability in moist loam soil is 
also less than a day Therefore FDNB and Dyrene must be depleted by 
soil interactions other than hydrolysis, for they are much more stable 
than captan with respect to this property, but do not last as long in soil 
The higher stability of captan in soil may result from the fact that it 
does not react rapidly with compounds containing ammo groups al- 
tliough It combines with tliiols mucli faster than either Dyrene or 
FDNB HoAvever, tliese latter groups are probably not found in soils 
m appreciable amounts, while amino groups are (Burchfield and Storrs, 
1957b) Thus the selectivity of action of toxicants, their reaction mech 
anisms ( Sn, or Sn, ) , as well as iheu* hydrolysis rates, may influence the 
length of bme residues of fungicides will persist in soil 

The effects of environmental conditions on the stability of PRD 
(3,4-dichlorotetrahydrothiophene-l,l*diOAide) and related compounds 
were studied by Schuldt e( ol (1957) using a colorimetric method which 
measures both PRD and its dehydrochlonnation product 3 chloro 1,2- 
dihydrothiophene-l,l-dioxide (Burclifield and Schuldt, 1958) Persist- 
ence of residues as measured by total color developed was dependent 
on the initial concentration of nematocide and temperature In moist 
soil in a closed jar at an initial concentration of 100 fig of PRD per gram 
of soil the time required for one half tJie color-forming capacity of the 
residue to disappear was 20 days at 32® C , 45 days at 22° C and 115 
days at 10° C This indicates a temperature coefficient (Qio) greater than 
2 PRD persisted in dry soil 3 times as long as in moist soil After 53 days 
in moist soil at 22° C tlie total residue was 2Z at pH 8 3, 10% at pH 7 4, 
and 38% at pH 6 6 Therefore temperature, soil pH, and moisture content 
were all shown to be influential in govemmg the longevity of the residue 
Soil type IS another important factor Thus, Sund (1956) found that 
only 31% of the amount of aminotnazole added to muck soil could be 
recovered by immediate extraction, wliile 93% could be recovered from 
Duke sand After 21 days the recovery from Duke sand dropped to 54%, 
while the amount extractable from muck was negligible Sund pointed 
out that the base exchange capacity of the muck was 99 milliequivalents 
per 100 grams of soil, compared to only 3 6 miihequivalents for the sand, 
and suggested that poorer recovery from muck was caused by stronger 
sorption of the tnazole by sod particles Tins may be true m part, but it 
is also likely that chemical and microbiological degradation occurs more 
rapidly m soils with high organic matter, as witnessed by the finding that 
DDT had a residue of 25% after 8 jears in muck, compared to 74% in 
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sandy soil (Thomas. 1957). Similar findings are reported by Young and 
Carroll (1951) who applied PCP (pentachlorophenol) formulated in a 
petroleum oil to soil at a rate of 15 lbs. active ingredient pet acre. The 
half-hfe was about 10 to 20 days, with breakdown occurring fastest when 
the organic matter was high and the water content was close to the 
moisture equivalent of the soil. 

Compounds containing sulfur, as well as those in which the principal 
substituent is halogen, undergo changes in aqueous solution and in soil. 
For example Vapam (sodium N-methyldithiocarbamate) is a water sol- 
uble fungicide and nematocide that becomes immobile in soils within 
24 hours after application, either through sorption or chemical decom- 
position (Baines et at , 1957). However, it retains its toxicity to nematode 
larvae for 96 hours after application. In aqueous solution it yields mediyl- 
isothiocyanate, which is volatile and only slightly soluble. Similarly, 
Torgeson et al. (1957) found that Mylone (3,5-dimethyltetrahydro- 
l,3,5,2H-thiadiazine-2-thione) hydrolyzed soon after it was applied to 
warm moist soil. Among the materials identified were methylisothio- 
cyanate, formaldehyde, hydrogen sulfide, and methylamine. None of 
these materials when used alone al concentrations that might have 
evolved from the complete decomposition of Mylone was sufficiently 
fungicidal to inhibit Fythium sp. in soil. Either uptake of Mylone by 
fungi prior to hydrolysis or a recombination of its decomposition products 
into an active fungicide is indicated. Evidently methylisothiocyanate is 
not by itself sufficiently toxic to control soil-borne organisms. 

About 90% of the amount of thiram (tetramediylthiuramdisulfidB) 
added to sandy soil at a rate of 50 p.p.m. disappeared within 5 days as 
indicated by bioassay with GUmerella cingulata (Richardson, 1954). 
Only a little over 20% remained after 1 day. Yet it was effective in pre- 
venting infection of seedlings in the treated soil for much longer times, 
probably by encouraging the growth of saphrophytes antagonistic to the 
damping-oif organisms, as mentioned previously. Thus for practical pur- 
poses the residual power of a pesticide may not always be directly pro- 
portional to the time it remains in soil A truer measure is the time 
required for tlie parasite population to reestablish itself at its former 
level of inoculum potential. In some instances this may be related to the 
stability of the chemical in soil, but in others not. 

In summary, pesticide residues in soils can be depleted by microbial 
action, hydrolysis, and chemical reaction, but in certain specific cases 
activation of biologically inert compounds can occur as well. The time 
required for toxicants to disappear from soils differs from a few days 
for caplan and thiram to a number of years for chlorinated hydrocarbon 
insecticides. Breakdown occurs most rapidly at high temperatures and 
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pH values and in wet soils ndi Jii organic matter. It may occur through 
enzyme action or spontaneous reactions with the environment, including 
hydrolysis, oxidation, addition reactions, and substitution reactions of the 
Sni and Sn» types. In some instances beneficial effects may persist after 
the toxicant has disappeared, a fact that may be very important m the 
pre-planting application of phytotoxic chemicals for the control of soil- 
infesting parasites of higher plants. 

B. Physical Interactions 

1. Distribution of Solids 

Pesticides with low water solubilities and vapor pressures must be 
disced or plowed into soil to secure effective results below tlie surface 
level. However, compounds with higher water solubility can be broad- 
cast or raked into the top few inches of sod in the expectation tliat they 
will be carried to greater depths by the infiltration of irrigation or rain 
water. The relation of solubility to penetration is shown by the finding 
tliat the herbicide monuron is carried to greater depths by an equivalent 
amount of rain than diuron, while fenuron is more mobile than either 
(Abel, 1957). 

Cl 

oQ — NH— COK{CH,)t 
Djiiron (40 p p m ) 


Nil— CON(CII,)* 

Fenuron (2,400 ppm) 

These compounds decrease in water solubility with increasing chlo- 
rine substitution in the benzene ring in tlic order: fenuron > monuron > 
diuron so that penetration improves witli increasing solubility. This is 
not tlie only factor involved since diuron is more strongly sorbed by 
soils than monuron, a fact ^vhich would also impede its movement. Thus 
these hvo properties reinforce each other, high solubility being coupled 
with low sorptivity, and low solubility witli high sorptivity. 

If a compound is soluble enougli in water and not too highly sorbed 
by soil, it can be carried to considerable dcptlis by rain, irrigation, or 
water used during application. Ofter very largo amounts of water arc 
required. Thus Baines ct al. (1957) found it necessary to apply Vapam 
in basins of water 6 to 12 inches deep to control nematodes and fungi to 
a depth of ‘1 ft. Other procedures sucli as injection, injection folloued 



cQ — NH— C 


Monuron (230 ppm.) 
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by row treatment, or row application of Vapam dissolved in water were 

ineffectual at tins depth -nDT-* 

Schuldt et al (1957) found tliat the experimental nemitocide PRD 
(3,4 dichlorotetraliydrothiophene 1,1 dioxide) initially moved downward 
in soil with ram m a zone 3 to 4 inches thick, resembling the distribution 
of chemical compounds on chromatographic columns Continued ram 
drove it still deeper However, when the soil dried out, the chemical 
moved upward and was concentrated in the top mch Presumably, as 
surface moisture evaporated water m the lower levels of the soil was 
drawn to the surface by capillarity, carrying the chemical with it This 
is somewhat analogous to the upward movement of chemicals in ascend 
mg chromatography Renewed exposure to rain drove the chemical 
downward again Thus alternating periods of wet and dry weather 
moved the zone of maximum PRD concentration up and down in the 
soil However, the zone gradually widened, so eventually the PRD was 
distributed more uniformly vertically In field applications made in the 
fall PRD followed this pattern, irrespective of whether it was broadcast 
or worked into the top 3 to 6 mches The chemical penetrated to a depth 
of 15 mches after a total of 6 inches of ram and about 50% of it was 
recovered after 178 days in soil at pH 5 

Mobility by means of soil moisture movement is important in the 
distribution of some compounds but it seems to occur comparatively 
rarely Thus Nevvhall (1958) found diat only 4 fungicides out of 36 
tested were effective against Fusartum oxysporum cubense at a depth 
of 7 mches when they were applied to the surface and attempts made to 
move them downward by drenching with water Presumably, this is 
because most organic fungicides are relatively insoluble m this medium 
However, since one ninth of the niatenals tested could move through 
sod to this extent, tlie search for solid fungicides and nematocides that 
can be applied by broadcasting should not be abandoned 

2 Diffusion of Fumigants 

Nematodes and soil inhabitmg fungi can be killed with compounds 
having fumigant action, such as EDB (ethylene dibromide) and 
Nemagon (1 2 dibromo 3 chloiopropane) These materials are injected 
into soils at depths of 6 to 15 in and spread considerable distances both 
vertically and laterally, by diffusion Some fumigants, such as methyl 
bromide and carbon disulfide, boil near room temperature while others 
arc much less volatile Nemagon, for evample, has a vapor pressure of 
only 0 8 mm of Ilg at 21“ C (Idiikavva et al , 1955) The behavior of 
such mitcruls must differ somewhat from what would be ovpccted 
of an ideal gas Nevertheless their steady state movement through soils 
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in tile vapor phase can be described by Kick's first law, winch states that 


dm n — 

dt " 


(9) 


where Do is the diffusion coefficient of tlie vapor and dm/dt is the rate 
at which It diffuses through a plane of unit area against a concentration 
gradient of dc/dx The movement of vapors tlirough soils is complicated 
by many factors not associated with free diffusion, one of the most im- 
portant of tliese being sorption by sod However, by considermg only 
steady-state diffusion tins factor can be minimized, smee tlie ratio of 
the concentration of chemical m the vapor phase to that bound by the 
soil will bo constant Nevertheless, diffusion takes place much more 
slowly in soils tlian in air 

Call (1957b) proposes that the apparent diffusion coefficient of a 
compound in soil is related to its value in air by 

D = (S- S') ^ (10) 


where S is the total porosity of the sod. S' is the fraction of pores that 
are blocked, and k is tlie average tortuosity of the pores 

Tlie tortuosity factor takes into account the fact that the pores in 
sods through which vapors diffuse are unhkely to be straight, so that 
a gas must travel a longer distance to reach any given destination than 
It would in air 

Call (1957b) studied tlie steady-state diffusion of EBD m various 
soils havmg different porosites, and confirmed that the relation between 
D/Do and S was linear This led directly to values of 0 1 for S' and 1 5 
for k Thus, the distance the vapor had to travel appeared to be about 
50% longer than m air, and about 10% of the pores m the sods were 
blocked off, so that the vapor diffusuig mto them reached dead ends 
Observed diffusion coefficients in soils varied from 1 to 20% of the value 
found m air, the higher figure, of course, being for the most porous sod 

These findings support the earlier conclusion of Hanson and Nex 
(1953) that porosity, or total air space, is the most important single 
factor govemmg the movement of EDB in sod They lound that high 
moisture content increased packing, whidi in turn decreased diffusion 
rate Also, movement of the chemical was slower in compact clay loams 
than m loose sandy loams Biological control is also usually poorer in 
heavy sods than m light sods Tins may arise m part from higher 
sorption of the chemical at sod mterfaces, but it appears tJiat failure to 
diffuse mto regions of high inoculum potential may be the predominant 
reason 
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by row treatment, or row application of Vapam dissolved in water were 
ineffectual at tins depth 

Schuldt et al (1957) found that tlie experimental nematocide FKD 
(3,4-dichlorotetrahydrothiophene-l,l dioxide) initially moved downward 
m soil with ram m a zone 3 to 4 inches thick, resemblmg the distribution 
of chemical compounds on chromatographic columns Continued ram 
drove it still deeper However, when the soil dried out, the chemical 
moved upward and was concentrated m the top mch Presumably, as 
surface moisture evaporated, water m the lower levels of the soil was 
drawn to the surface by capillarity, carrying the chemical with it This 
is somewhat analogous to the upward movement of chemicals m ascend- 
ing chromatography Renewed exposure to ram drove the chemical 
downward again Thus, alternatmg periods of wet and dry weather 
moved the zone of maximum PRD concentration up and down in the 
soil However, the zone gradually widened, so eventually the PRD was 
distributed more uniformly vertically In field applications made in the 
fall, PRD followed this pattern, irrespective of whether it was broadcast 
or worked into the top 3 to 6 inches The chemical penetrated to a depth 
of 15 mches after a total of 6 inches of ram, and about 50% of it was 
recovered after 178 days in soil at pH 5 

Mobility by means of soil moisture movement is important m the 
distribution of some compounds, but it seems to occur comparatively 
rarely Thus, Newhall (1958) found Uiat only 4 fungicides out of 36 
tested were effective against Fusarium oxtjsporum cubense at a depth 
of 7 mches when tliey were applied to the surface and attempts made to 
move them downward by drenching with water Presumably, this is 
because most organic fungicides are relatively insoluble in this medium 
However, since one ninth of the matenals tested could move through 
soil to this extent, tlie search for solid fungicides and nematocides that 
can be applied by broadcasting should not be abandoned 

2 Diffusion of Fumigants 

Nematodes and soil inhabiting fungi can be killed with compounds 
havmg fumigant action, sudi as EDB (etliylene dibromide) and 
Ntmagon (1,2 dibromo 3 chloropropane) These materials are injected 
into soils at depths of 6 to 15 in and spread considerable distances, both 
\trlic,illy and laterally, by diffusion Some fumigants, such as methyl 
bromide and carbon disulfide, boi! near room temperature, while otlicrs 
arc much less volatile Ncmagon, for example, has a vapor pressure of 
onb 0 8 mm of Ilg at 21® C (Idiikawa et al , 1955) Tlie beliavior of 
such nuttrnls must differ somewhat from what would be expected 
of an ideal gas Ncvcrtlidcss tlicir steady state movement through soils 
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in tha vapor phase can be ciescribcd by Fict's first law, which states tliat 


dm n — 

dt ~ Ux 


(9) 


where is tlie diffusion cocIBcient of the vapor and dm/dt is the rate 
at which it diffuses through a plane of unit area against a concentration 
gradient of dc/dx. The movement of vapors tlirough soils is complicated 
by many factors not associated witli free diffusion, one of the most im- 
portant of tliese being sorption by soil. However, by considering only 
steady-state diffusion tliis factor can be minimized, since the ratio of 
tlie concentration of chemical in tlic vapor phase to that bound by the 
soil will be constant. Nevertheless, diffusion takes place much more 
slowly in soils tlian in air. 

Call (1957b) proposes tliat the apparent diffusion coefficient of a 
compound in soil is related to its value in air by 


JD = (5 - S') Y 


( 10 ) 


where S is the total porosity of the soil. S' is the fraction of pores that 
are blocked, and A* is tlie average tortuosity of the pores. 

The tortuosity factor takes into account the fact tliat the pores in 
soils tlirough which vapors diffuse are unlikely to be straight, so that 
a gas must travel a longer distance to reach any given destination than 
it would in air. 

Cal] (1957b) studied tlie steady-state diffusion of EBD in various 
soils having different porosites, and confirmed that the relation between 
and S was linear. This led directly to values of 0.1 for S' and 1.5 
for k. Thus, the distance the vapor had to travel appeared to be about 
50% longer tlian in air, and about 10% of the pores in the soils were 
blocked off, so that the vapor diffusing into them reached dead-ends. 
Observed diffusion coefficients in soils varied from 1 to 20% of the value 
found in air, the higher figure, of course, being for the most porous soil. 

These findings support the earlier conclusion of Hanson and Nex 
(1953) that porosity, or total air space, is the most important single 
factor governing the movement of EDB in soil. They found that high 
moisture content increased packing, which in turn decreased diffusion 
rate. Also, movement of the chemical was slower in compact clay loams 
than in loose sandy loams. Biological control is also usually poorer in 
heavy soils than in light soils. TTn's may arise in part from higher 
sorption of the chemical at soil mterfaces. but it appears that failure to 
diffuse into regions of high inoculum potential may be the predominant 
reason. 
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The capacity o£ fumigants to diffuse rapidly through light sandy 
soils may be an important factor in achieving biological control, but 
high mobility may also be detrimental since the loss of chemicals by 
evaporation at soil surfaces may also be liigli. Several days after rain the 
porosities of soils down to 6 or 9 in. are 50 to 100% greater than below 
this depth, owing to evaporation from the surface and/or drainage to 
lower levels. Fumigants applied in such soils would move upward rather 
than downward and would be lost by evaporation into the atmosphere. 
Concentrations of fumigants near the surface layers of soils are always 
lower than in the interior for this reason. Consequently, biological con- 
trol in the top few inches of soil is very poor. This might be improved 
by using nonvolatile toxicants such as PRD in combination with fumi- 
gants, since the former compound is known to move upward in soil 
and become concentrated in the top few inches during periods of dry 
weather (Schuldt et al., 1957). 

Water seals are used to reduce the escape of volatile compounds such 
as methyl bromide and chloropicrin from soils. Baines et al. (1956) 
obtained increased kills of citrus nematodes with Nemagon (b.p. 
196® C.) in loam soils at depths of 6 to 8 ft. by irrigating 5 to 9 days 
after treatment with enough water to penetrate to the 8- or 9-foot level. 
However, no benefit accrued by welting the top 6 to 8 inches of soil, 
which should have been sufficient to block the upward movement of 
vapor. Thus it appears that the large amounts of water used in these 
experiments may have carried the fumigant down to great depths with 
it rather than functioning as a seal. 

The movement and distribution of fumigants in soil under uniform 
conditions of moisture and bulk density has most recently been studied 
by Call (1957c). He treated soils at field capacity with 1 ml. of EDB at 
a depth of 6 inches, and measured fumigant concentration in the vapor 
phase at various times and distances from the point of injection. The 
compound diffused laterally so that a maximum concentration of approx- 
imately 20 ixg. of EDB per milliliter of air was reached at the end of 
one day at a point 2 inches away from the site of application. Thereafter 
the concentration of toxicant at this point diminished. Four inches away 
from the injection point maximum concentration was reached in 2 days, 
but it was only 25% as great as was attained at 2 inches. Thus a peak 
concentration of fumigant traveled through the soil, but it was rapidly 
damped out by sorption and dispersion over an expanding spherical 
frontier. 

The fumigant diffused vertically in the same manner at a slightly 
slower rate, but it appeared to travel upward furtlier than downward. 
This result docs not agree with earlier observations that heavy vapors 
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tend to move downward m soil because tliey are more dense than air 
In field experiments die EDB distribution reported by Call (1957c) 
niight be anticipated because of the lower porosity of soil at great 
depths, but m Ins experiments the free air space should have been the 
same tliroughout unless a porosity gradient developed m his soil through 
compaction by its own weight In any event it appears that gravitational 
effects are negligible, compared with changes m soil porosities at various 
distances and directions from the site of application 

Thus fumigants can move away from an mjection pomt m all direc- 
tions by a modified diffusion process However, horizontal diffusion 
takes place more rapidly than vertical diffusion Consequently, the 
geometrical solid encompassing the maximum lethal range reached by 
the toxicant approximates an oblate spheroid with its shortest axis m a 
vertical position, but its bottom is slightly flattened 

3 Sorptton of Fumigants 

Chemicals can be bound to sods by adsorption at various interfaces, 
and to a smaller degree through dissolving m free water and organic 
matter Hence the purposely vague term “sorption” is used to describe 
the over all effect The quantitative aspects of the binding of mono 
molecular films to solid surface are predicted adequately by the Lang- 
muir equation However, multimolecular films are often formed which 
cannot be treated in tins way In such cases skewed S shaped isotherms 
are obtained when the amount of adsorbate bound to the solid is plotted 
against the equihbnum concentration of the compound m the vapor 
phase These data are described mathematically by the Brunauer-Em- 
mett-Teller isotherm, which states that the weight of fumigant adsorbed 
W at pressure F is 

W^CP/Po 1 - (n -f 1)(P/P„)» + «CP/P„)"+> 

~ I - P/Po ’ I + (C - 1)P/P- - C’(P/P„)"+' 

where Wm is the weight of a single monolayer, is the saturation pres- 
sure, C is a constant related to the heat of adsorption and heat of hque- 
fication of the vapor, and n is the maximum number of layers that can 
be built up on the surface 

Jurinak (1957) fitted the data obtamcd during studies on the adsorp- 
tion of Nemagon by a senes of oven dried montmorillomtic clays to this 
equation and found that the best straight hue for each sod over tlie 
greatest P/P* range was obtamed when n =: 4, mdicatmg that tlio sorbed 
film of fumigant can reach a maximum Uiiclmcss of 4 molecules On 
sods conlammg predommantly kaolm or illite clay mmerals the isolhcnns 
can be reproduced by tlic equation up to a P/P* of 00, but n assumes 
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a value of infinity This indicates adsorption on a free surface so that 
at the saturation pressure of the gas an infinite number of layers can be 
built up on the adsorbant However, the physical significance of these 
values IS questionable smce it is now generally agreed that the theo- 
retical basis of the Brunauer-Emmett Teller equation is unsound, even 
though it IS a convenient empirical metliod for the evaluation of sorption 
data (Jacobs and Tompkins, 1955) 

When the sorption isotherms for the montmorillonitic series weie 
corrected for the specific surface of each soil, all of the points fell on 
the same Ime, showing total surface area to be the principal factor other 
than those discussed above, such as chemical reaction, diffusion, etc , 
governmg the binding of Nemagon by dry soils Similar results were 
obtained with the kaohmtic group, but the corrected isotherms for the 
two clay types differed appreciably The sorbtive capacity of a dry sod 
containmg 35% organic matter was relatively low when compared to 
most mineral sods Jurmak (1957) pointed out that this is of special 
interest since more fumigant is usually required to obtain control of 
sod organisms m organic sods than m mineral sods However, as will 
be seen later, this picture changes entirely m soils at field capacity 
The mechanism of binding of fumigants to sods has been studied by 
Call (1957d), who found that sorption of ethylene dibromide by most 
sods was highest when the relative humidity of the air m equilibrium 
with the soils was zero The isotherms were skewed S shaped curves, 
indicating at least qualitative adherence to the Brunauer Emmett Teller 
equation However, when the relative humidity of the air m equilibrium 
with the soil was increased to 5 or 10%, sorption of EDB decreased 
sharply, showing that water molecules were competing with fumigant 
molecules for sites on the surfaces of sod particles About 6 to 40 
molecules of water were required to displace each fumigant molecule, 
depending on sod type However, when the relative humidity of the air 
was between 10 and 20%, and the soils contained just enough water to 
form monolayers on all the particles, about 6 water molecules were 
required to replace each fumigant molecule regardless of sod type 
Evidently, different mechanisms of sorption are possible, depending 
on moisture relations m soil In very dry sods multilayers of fumigant are 
probably formed at tlie surfaces of clay particles When water is intro- 
duced into the system, fumigant molecules are displaced However, all 
of them do not escape into the vapor phase, since calculations made 
from surface energy values using tlie Gibbs equation (Call, 1957d) show 
that 1 6 ;^g of EDB per square meter can be accumulated at air-water 
interfaces at an eqiuhbnum vapor phase concentration of 1 fxg of fumi- 
gant per mdhlilLr of air. Moreover, EDB and probably other fumigants 
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Can be bound at soil water interfaces, since soils completely covered by 
water can still sorb chemicals True solution of EDB m soil water would 
not be important until the sorbed moisture films attained sufficient thick 
ness to have the properties of bulk water This probably occurs to some 
extent at field capacity However, measurements made on such soils 
show that they bind from 2 to 3 tunes more EDB tlian can be accounted 
for by solution of the chemical in wafer, even assummg that all the 
moisture m the soil is present as free water Thus, fumigants can be 
sorbed in a variety of ways depending on soil composition and mois 
ture content 

The interactions of EDB with montmonllonites are of special mterest 
since, unlike other clays, tliese minerals sorb more chemical in equi 
hbrium with air at 5 to 20^ relahve humidity than when dry This occurs 
because adjacent sheets of the dry mmeral are spaced about 95 A apart, 
which IS sufficient to admit water molecules, but excludes EDB When 
the surrounding air contains moisture, water molecules diffuse info the 
free spaces and expand the crystal lattices — or, in ordinary terminology, 
the clays swell Molecules of EDB can then diffuse into the roomier 
lattices, and compete with water molecules for the newly exposed 
receptor sites Thus, water leads the way and the EDB follows This 
free ride does not last forever, for when the relative humidity of the air 
reaches 30% competition by water molecules for sites in tlie soil becomes 
too strenuous and the amount of bound chemical decreases 

However, m all other cases studied the presence of moisture de 
creased the amount of fumigant sorbed Thus it may seem paradoxical 
to find that the amount of EDB bound by a senes of 20 soils at field 
capacity increased with increasing moisture content (Call, 1957a) For 
example, a sandy soil at 10^ moisture had a sorption coefficient only 
one tenth that of peat soil at 75% moisture Although water desorbs EDB, 
the capacity of a soil to hold wafer is evidently a measure of its capacity 
for retaining EDB 

Sorptive capacity also increased with mcreases in specific surface, 
clay, and organic matter Variance analysis showed that moisture con- 
tent alone accounted for 9155 of tlie mformation, while the 4 parameters 
taken together accounted for 96% Correlation of sorption coefficients 
with clay content was poorest A soil with a clay content of 46% and an 
organic content of 4 6% had a sorption coefficient of only 31, compared 
to a value of 103 obtained on a soil containing 42% clay and 36 5 organic 
matter Thus, while clay content and specific surface are the principle 
factors regulating the sorptive capacities of dry sods (Jurmak, 1957), 
content of organic matter is critical at field capacity Presumably soils 
rich in organic matter contain more extensive nctvvorks of water films 
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on which fumigants can be sorbed, for otherwise Iiigher moisture con- 
tent alone would decrease the amount of fumigant sorbed, as observed 
for all individual soils and clays with the exception of the mont- 
morillonites. 

The proportion of fumigant in the air space of soil is actually very 
small, varying from 0 28% of the total amount of EDB in peat soil to 
3.4% m a sandy soil with a low content of clay and organic matter. 
Sorption is greater at low tlian at high temperatures, tlie ratio of the 
coefficient at 15° C. to the coefficient at 20° C. being about 1.32 for 
soils of all types (Gall, 1957d). 

It is clear that the sorption of fumigants by soils must play an im- 
portant role in their performance by regulating distance and rate of 
diffusion, availability to the parasites, and the longevity of residues. 
More work on determining vapor pressures, diffusion coefficients, and 
sorptivities of individual chemical compounds, as well as on the physico- 
c emical properties of various soil types, seems a promising goal for 
future research. 


C. Treatment of Seed 

1. Seed Protection 

icalfi! s^lings from soil pathogens with chem- 

soil tTpnhn f Problems associated with other 

eed tamn. T “ing reason. The chemical is applied to the 
cSe “ccun 1“'“ T f flickers. Thus the fungi- 

the soil rather tV, fortified position within a microenvironment of 

not “Ll * throughout it. Furthermore it need 

rod mStuTe ^ haphazard movement of 

dichlone whicli ^r *^^“™**y compounds such as thiram, captan, and 
treatments avaiHM ^ffStcides, are among the best seed 

pouSs have V “ commercially. As shown previously, these com- 
in organic soils Tr risidual properties when distributed uniformly 
cess as seed protLants°L^5’r'T'^'“^''°'' comparatively high suc- 
a longer Ume wlm ' '** “P“city to persist in soils for 

kiU nfost of tlie mil ™"“"“'atcd at seed-soil interfaces or whether they 
soon after annlieir'”®^"^ microsphere surrounding the seed very 

as soil fungiddes or as 

surfarelT'Lronly^fcondi^'’'- Protection of foliage 

niy secondary mfluences on the performance of seed 
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treatments because of tlie comparatively large doses that are used 
(Burclifield and McNew 1950) Thus pea seed treated with 10^ 
(radius) particles of dichlone at a rate of 0 m by weight would contain 
2 5 X 10* fungicide particles per cm = of surface By contrast only 600 
particles of dichlone per cm ® of leaf area were required to obtain 95% 
control of tomato early bhght when the particle radius was 8 4 p Since 
most, if not all, seed treatments are ground to powders with mean radii 
much less than 10 ^ it is evident that inadequate coverage of the seed 
surface should not be an important consideration m failure to control 
diseases This surmise was confirmed by some experiments in which 
pea seed was treated with a series of 4 dichlone formulations havmg 
average radii of 2 3 to 9 5,1 (Burchfield and McNew, 1950) No sig 
nilioant differences m per cent emergence of seedlings could be detected 
10 days after the seed were planted m infested soil In a siradar series 
of experiments with chloraml some lack of control was experienced with 
very large particles (35 m) but tins may have been caused by failure 
of the dust to adhere to the seed It is probable that the prticle size of 
seed protectants should be fairly small to secure good adhesion or good 
suspendibihty if a slurry method of application is used However ff 
too small, the fungicide may be vulnerable to attack by deteriorating 

influences m the soil , . 

Seed treatment is not without its problems, however, for compounds 
must be formulated to give optimum performance m application equp 
ment, whde mjury to seed or seedlings by the ‘Jemmal ““y ^ “ 

factor limitmg usefulness Chemicals which are highly toxic ' 

usually be ehmmated m screening However chemicals 
satisfactorily m some locations and cause damage “ ^ 

chloraml is an outstanding treatment for legume seed, ^ 

and beans In addition to being effective agamst 

fungi It IS safe on many crop seed and otherwise ba^ some ve^ demaWe 
properties It is non.rritatmg to humans and bas a ’ubricat g^ff^^t 

seed =o*”™b=>'j^>*be mdXs diminates mucli of the 

seed through the raps “ Pf'" ^ However, it is unsatisfactory 

r".Tatmrafof%fS and beet seed wbra 

alkaline soils <>t “‘8” 

on peat soils Presumably, cnioran y chloranilic acid 

yield water soluble phytoto^ the environ 

chemicals 
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2. Seed Disinfection 

Cereal seed are enclosed in husks or fruit coats. Some fungi which 
attack these crops can penetrate the husks and overwinter as mycelia 
inside them When the seed are planted, the mycelia become active and 
attack the young seedlings. Seed protectants, such as thiram and captan, 
cannot permeate the husks, so volatile fumigants, such as organic mer- 
cury compounds, must be used for disinfection. Although they act as 
fumigants, their vapor pressures ate very low, being of the order of 
10 mm of Hg. They are applied to seed as dusts or liquids. The 
amounts used are as small as 0.2 ml. per 100 grams of seed, so that uni- 
form distribution is critical. Lindstrom (1958) recently studied the action 
of meicunals and concludes that coverage occurs in two steps: distribu- 
tion on the seed in the treating equipment and redistribution by evapora- 
tion and resorption of the compound. In this latter process the chemical 
tends to leave locations where it is abundant and be resorbed where it is 
scarce, so that in time uniform coverage is achieved. Lindstrom (1958) 
believes that two kinetic processes are involved in the movement of 
mercurials, namely, evaporation rate and diffusion rate, and of the two 
he considers diffusion to be the slower or rate-controlling step. He found 
the distribution of Panogen [cyano(mcthylmercuri)guanidine] to be sat- 
isfactory 2 hours after mixing. There was a further small improvement 
at increased storage time, but the gain was of no practical importance. 

Distribution of a nonvolatile placebo dressing labeled with Th*'’* was 
surprisingly good when used at a rate of 0.2 ml. per gram of seed, but 
c\en so, Lindstrom concludes that redistribution of mercurial fungicides 
by evaporation and resorption improves the uniformity of the deposits 
obt.iincd initially and may compensate in part for poor mixing. Even 
more important is his finding (hat the ratio of /? to y radiation emitted 
from IIg=” labeled Panogen dccrc.ascd from about 90 on a nonpermeablc 
surface to about 30 to 50 on seed. Tliis suggests that much of the weak 
P radiation emitted by the mercury was not detected because the fungi- 
cide VNas located behind a barrier which absorbed the softer p rays 
while the h.ml y rays were not absorlicd, Lindstrom presents data which 
suggest that l!ie reduction in p/y ratio is aliout what would be e.xpcctcd 
if llie harrier were 100 thick. Tliis airresponds rouglily to the thick- 
ness of the fruit coals of wheal kernels. Additional evidence for this 
will Ihj rcrpiired, hut it appears that one more of the important physical 
problems of plant pathology is near solution. 
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I. iNTBODUenOX 

Various biological factors can influence llie living pathogens of culti- 
vated plants and their hosts. The living world is a complex system where 
organisms fight for their existence, often to the prejudice of other organ- 
isms. Sometimes, however, beneBcent associations arc realized. In the 
natural biological medium, pathogens arc submitted to the influence of 
neighboring organisms during their parasitic life, saproph>tic phases, or 
during rest periods. Even the susceptibility of the host plant m.iy Ix* 
modified by biological factors. 

Sometimes the p.ilJ)ogcn m.iy be parasitized by another fungus or 
521 
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bacterium The lattei live at the expense of their hosts by diawing from 
them the materials necessary to their nutrition These are hyperparasites 
or parasites of the second degree, and tlie phenomenon itself is hyper- 
parasitism In other cases, antagonism exists between jmcr^ogr ganisms 
living side by side, some inhibitmg tlie growth oLothers This phenom- 
enon IS frequent, particularly m the soil Organisms may compete witli 
one another on the host surface In other cases, orga msir^ assoaate 
together and cause complex diseases Thus, viruses may infect plan^ 
simultaneously, or a virus and another pathogen on the same plant may 
affect one another Nematodes are known to act similarly with other 
pathogens 

Certain animals, generally predators, sometimes act as antagonists 
by feeding on plant pathogens 

In t his chapter the different types of interrelations of organisms will 
be discussed in relation to their role m epidemiology and control 

11 H^PEnPAn\siTiSM Parasites on Fungi 
Certain fungi and bacteria are parasitic on plant pathogens The 
genus Ctccmobolus includes species of fungi which attack fungi of the 
family Erysiphaceae Thus, C cesatii de Bary develops as thin mycelial 
threads inside the hyphae and conidiophores of Enjsiphe gramints It 
fructifies in pycmdia having unicellular spores Other species, C 
ewontjmi lapontct on Oidium ewonymt japonici and C astens on Otdtum 
astencolum, act in a similar way (Hmo and Kato, 1929) These fungi 
can hinder the growth of the pathogen so that its mycelium contracts 
and slirinks, while the formation of oidia is very much impeded How- 
ever, Ctccmobolus seldom reduces attacks of the powdery mildews in 
nature because it seldom occurs in large quantities Ctccmobolus can be 
cultivated on artificial media, however, and some encouraging results 
have been obtained by artificial inoculation 

Species of tlie genus Darluca live m the son of Uredmales The 
best known species is D filum, which is found in tlie uredospores or 
teleutospores of many rusts Darluca also is culUvatable in artificial 
media This hyperparasite also seems to play but a limited role m reduc- 
ing epidemics of rust on plants 

The genus Tuhcrculma also mcludes species which attack Uredmales 
T pcrsiciiui establishes itself in the accidia of Puccinia poaruni, Cytmio- 
sporangtuni sahmae, G jiimpcrum, and in tlie teleutospore son of Emlo- 
phyllum scmpcrvioi and Puccmui vtncaa In these organs it forms viola- 
ceous sporodochia T. viaxima is known as a parasite of Cronartmm 
nbicola It Mgorouslj attacks pjcmosporcs and thus can reduce or 
inhibit the formation of aecidiosporcs Tlie locil and natural establishing 
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of T maxima has been observed in pme plantings attacked by rust, but 
Its extension has always been limited to small areas In culture it 
develops slowly and sporulates sparsely Artificial inoculations are not 
easy to realize (Hubert, 1935) 

Among the hyperparasites of Uredinales let us also mention Clado 
sporium aecidiicohy which grows in aecidia — especially m Puccmta con 
spicua (Keener, 1954) — and Verttcdlmm liemdeiae in which the thin 
mycelium lives in uredospores of Hemdeta vastatnx (Bournquet 1946) 

Bacteria can also parasitize fructifications of Uredinales (Levine 
ef al, 1935) According to Borders (1938) Erwviia uredtmolytica attacks 
pedicels of spores Pon et al (1954) studied the parasitism of Xantlio- 
monas uredovorus on Puccmta gramtnts, which grows on or in uredo 
spores at a high temperature (30® C ) and m a saturated atmosphere 
The bacteria which inhabit the soil are spattered by ram up to the rust 
son on the low part of the plant The temperature requirements of the 
parasite must, however, limit its biological role 

Among fungi the genus Trtdiothecium includes species tliat attack 
plants as secondary parasites, are antagonistic to other microorginisms, 
or grow at the expense of plant pathogens The fruiting bodies of tlic 
grape downy mildew fungus Plasmopara viiwola sometimes exhibit a 
brick red coloring, due to the growth of a fungus, Tnchothecium plas 
moparae (Viala, 1932) Its thin mycelium lies beside the conidiophorcs 
and conidia of Plasmopara, ahsoxhmg the protoplasm and the conidnl 
fluff then becomes matted This Tnchothecium is unable to penetrate 
the host membranes and so cannot reach the mycelium of Plasmopara 
m the tissues of the leaf It is favored by hot, wet weither, and fears 
acidity 

Tnchothecium rosetim somclunes grows on tJie stromas of certain 
pathogens, mhibitmg the formation of pentliecia and sometimes luniting 
the growth of the fungus it attacks T7ius, Koch (1934) observed it in 
summer on tlie stromas of Dihotryon morbosum, the agent of black knot 
of Prunus and succeeded in inoculating Dibotryon with it artificially 
In autumn T roseuin can attack tlie stromas of PoUjstigma ntbntm on 
plum trees, sterilizing the stromas by lolling ascogenous tlemcnls of the 
Polystigma (Yossifovitch, 1954) By artificial inoculations an important 
increase of diseased stromas has been obtained On artificial inoculation 
of Polystigma, Tnchothecium increased tlie number of stromas formed, 
and. these later became diseased Tins fungus h is a similar effect on the 
pentliccia of Gnomonui veneta, and Vicnnoi Bourgm (19-19) has found 
it oil the stroma of Nectna cuviabarina 

Tliat certain fungal plant pathogens arc parasitized in the soil bv 
fungi and bacteria has liccn demonstrated m the laboratory b> groumg 
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pairs of microorganisms side by side. Weindling (1932) has demon- 
strated the parasitism of Trichoderma lignorum on Rhizoctonia solani, 
Phytophthora parasitica, Pythium sp., Rhizopus sp., and Sclerotium 
rolfsii The fungus acts to inhibit or kill the host hyphae by direct 
parasitism or, alternatively, by antagonism, as will be discussed later. 
Thus the hyphae of the Trichoderma may wind around the aerial hyphae 
of the host fungus, penetrating and growing inside them. Sometimes, 
however, Trichoderma acts at a distance on the hyphae of another 
fungus nearby. 

The use of T. lignorum has been considered to fight damping-off of 
seedlings during their short period of susceptibility. This method has 
not been too successful in practice because (a) Trichoderma is not 
usually dominant at the soil surface, (b) it has a high moisture require- 
ment, and (c) it autolyzes readily. 

A species of Papulospora, isolated from the soil, has shown a para- 
sitism on Rhizoctonia solani in artificial medium similar to that of 
T. lignorum Its hypae wind around those of the host or enter and grow 
inside (Warren, 1948). 

Rhizoctonia solani, the well-kmown pathogen of many higher plants, 
can also attack other fungi, nearly all belonging to the Phycomycetes. 
Butler (1957) has studied this parasitism on agar media by sowing the 
host fungus and R solani on opposite sides of a petri dish. When the 
two colonies meet, the Rhizoctonia is stimulated at first, forming a thick 
mycelial zone at the juncture of the two colonies. Tins mycelium first 
invades the host about 24 hours after the two colonies meet, and after 
72 hours invasion becomes general. 

Tlio parasite attacks the aerial hyphae and sporophores of its host 
in two ways. It may penetrate into the liyphae of the host and grow 
rapidly inside or it may wind around and constrict a part of the host. 
The protoplasm of the encircled hyphae cither becomes coagulated or 
else it becomes less optically dense and vanishes. When this happens 
the aerial hyphae of the host fungus sink down. 

Not all cultures of the host fungus are destroyed, liowevcr. It may 
resist infection by lysis of parasitized hyphae or by isolation of infected 
hjqihao with a partition. Tlie degree of parasitism varies also with the 
culture media, temperature, and light. 

Because so/ani is itself a patliogcn, it cannot be used to 

figlit other pathogens. But these observations suggest fiow competition 
among fungi can occur in nature. 

Certain species of the genus Pythium parasitize adj’oining species. 
Drechsler (19131)) showed that P. oUgtmdrum could attack P. uUimum, 
I . dclxiryanum, or P. irregulare by encircling their hypliae or by pone- 
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Iralmg Uiem Conidn and young oogonia are also parasitized The 
destruction is so rapid tliat the oospores generally do not get formed 
Fungi can parasiti 2 e tlie oospores of root rotting Oomycetes For 
instance, the imperfect fungi Trinacnum subtile, Dactylella spennato 
phage, and Trichothecnim arrhenopum destroy the oospores of Pythium, 
Phytophthora, or Aphanomyces Infection is accomplished by successive 
perforations of the cell walls of tlie oogonium and oospore, followed by 
growth within the oospore of brandies, sometimes lobed, and of big 
suctorial organs (Drechsler, 1938, 1943a) The chytrid Phlyctochytnum 
can attack and inhibit the germmation of the oospores of Peronospora 
tahacma (Person, 1955) 

These fungi seem to play an important role m the soil, reducing the 
germmation of oospores and tlieir infectivity of higher plants Even m 
soils ivhere quantities of oospores are found, die percentage of diseased 
plants after the first mfection remains slight, owing to the presence of 
tliese hyperparasites 

The sclerotia of certain fungi are also frequently attacked and killed 
in the soil Contothynum numtans has been observed on sclerotia of 
Sclerotmia tnfolicrum By artificial inoculation m certain types of soil 
85 to 99% of the sclerotia were killed in 11 weeks (Tribe, 1957) 

In other cases it is difi5cult to determine whether hyperparasitism or 
antagonism is involved Thus, Clark and Mitchell (1942) showed that 
the sclerotia of Phymatotrichum ommvorum survived in sterilized soils 
whether they received organic amendments or not, but in unstenhzed, 
amended soils microbial activity has Jed to destruction of sclerotia The 
action IS temperature dependent Thus, the percentage of sclerotia losing 
their viability was 12, 30 70, and 90, respectively, for temperatures of 
2®, 12°, 28°, and 35° C Moisture was required 

III Bactebiophace 

In 1917 d Herelle presented evidence for a transmissible lytic prin- 
ciple that acted on the Shiga bacillus, showing that the bacteria have 
their infectious diseases, too These infectious agents are now known as 
bacteriophages and are usually considered as ultraviruses Although 
pathogens of man and animals have been particularly studied, some 
work has been done on phages of plant pathogens PInges have been 
isolated from fragments of diseased plants, contaminated soils, and 
from bacterial cultures 

By now phages have been discovered for many phylopalhogenic 
bacteria Agrobactenum tumcfacums, Aplanobacter siewarii, Erwtnta 
aroideae, E carotovora, E atrosepttca. Pseudomonas angulata atro- 
factens, P coronofaewns, P ghjetnea, P lacrymans, P phascohcola. P 
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ptsi, V synngac, P tabaci, P xanthoclora, Xanthomonas citri, X malva- 
cearum, X orizae, X plmseoh, X prum, X solamcearum, and X trans- 
lucens In 1953 Newbond found a phage of Streptomyces scabies 

To act, a phage must encounter a bacterium able to fix it Once 
fixed, the phage enters the bacterial cell and multiplies within it Even- 
tually, the bacterium is lysed, and sets the phage particles free They are 
then able to infest other bacteria 

Unhappily, this lysis is rarely complete m a culture The appearance 
of secondary cultures of the host bacterium is frequently noted m the 
same plate The bacteria of these colonies usually have the same morpho- 
logic and physiologic characters as their parents and generally acquire 
their resistance to the phage through mutation 

In other cases the appearance of lysogenic strains can be noted, as 
Okabe and Goto (1954) showed with Pseudomonas solanacearum Lyso- 
genic bacteria are genetically able to tolerate phages that multiply m 
diem under certam conditions In these bacteria the virus is in the form 
of a prophage that is neither infectious nor pathogenic Lysogenic bac- 
teria are msensitive to the phages they produce, thus showing a real 
phenomenon of premunition 

phages differ m then: action Some are polyvalent, while others have 
high specificity Sometimes two forms of the same bacterial strain differ 
m their reactions to the same phage Thus, form S of Pseudomonas 
phaseoltcola is more sensitive to the phage than form R 

In human pathology some success has attended efforts to use bac- 
teriophages in fighting ceitam infectious diseases In plant patliology, 
however, attempts at phagotherapy have been unsuccessful The first 
work was done m 1925, when Coons and Kotila (1925) prevented the 
rottmg of carrot slices by Erwinia carotovoro through addmg the homo- 
logous bacteriophage But the results were not clear cut witli Erwitiia 
atroseptica on potato shces Israilsky (1926, 1927) tliought he had shown 
that the previous inoculation of a phage of Agrobacterium tumcfaciens 
into a plant impeded tlie subsequent growtli of tumors, but Kaufman 
(1929) could not confinn bis results 

R C. Tliomas (1935, 1940) treated com seeds with a phage of 
ApUnohacter stcwarti, and tlicn inoculated tliem witli the pathogen 
Ho obtained 18% disease m control plants but only 14% disease m 
treated ones A bacteriophage, isolated from tobacco leaves invaded by 
the wildfire bactenum, reduced mfccUon to 50% when dusted on test 
plants (Novikowa, 1910) Also, Kawaniura (1910) reduced infection of 
tomato by Pseudomonas solanctcearuni through applying a bacteriophage 
to tlio soil 

rullon (1930) studied two bacteriophages active against certain 
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Strains of Vscudomonas tabaci and P. anguhta, isolating them from dis- 
eased tobacco leaves. He compared their lysogenic and other properties, 
especially their inactivation by cations. As Novikowa (1940) has shown, 
he obtained a reduction in diseased tobacco seedlings by treating them 
with a suspension of phage before inoculation. This reduction was 
greater when he dusted with a mixture of the two phages ratlier than 
with one alone. 

From infested fields Fulton (1950) obtained more bacteriophages of 
Pseudomonas tabaci and P. angulata as the disease levels increased. On 
this basis Fulton suggests that the phages could limit the amount of 
disease. This is related to the action of the rhizobiophages, which are 
in part responsible for the “tiredness” of alfalfa fields, because of tlicir 
action on Rhizobium in the nodules of leguminous plants. Possibly, the 
persistence of the wildfire bacterium in soils is controlled by bacterio- 
phages. This hypothesis wants a precise experiment. 


IV. Predators and Antagonistic Animals of Pathogens 


A good many insects live at the expense of the higher fungi. Tlicy 
grow in the carpophores, eating either the fiesh of the fungus or its 
spores or both. Many species of Coleoptcra, belonging more particularly 
to families of Scaphidiidae, Liodidae, Slaphylinidae, Erotylidac, Crypto- 
phagidae, are mycophagous. A few species specialize on one type of 
fungus. For instance, Gyrophacm strictula limits itself to the Polyporacac. 

A succession of several species of Coleoplera feeds upon one fungus, 
one feeding at one growth stage, another later on, until the rotting 
fungus is fed upon by the last in Uic succession. The coleopterous 
mycetopbiles require moisture. AVhen fungi are normally moist, the 
number of visitors can be very high, but the number decreases with 


dryness. 

Fewer Hymcnoplera attack carpophores. Possibly the Lcpidoptcni 
in the imago stage suck the droplets secreted by fungi. Some lar%-ac that 
cat fungi are known. 

The fungus is merely a shelter for the majority of the llcmiplcra 
found on Polypores. TIic Aradidcs and Dysodiidcs are considered as 
mycophagous and aro often seen between tho loUs of Polypom 

(Rchfons, 1955). \ i 

Tlic inoculum of plant pathogens (smuts, rusts, m.Idcu-s) can l>c 
appreciably reduced by Coleoptcra and Diplera lliat siibsht 
fungi, among tbem being ( I’halacridac; Coccincllidae. etc ) (Iloni- 

did.ie-(Cecidom,sicIae) Fungboridac. etc. . . 

Among tho reprcscntalbo mjcopliages of the f.mnly of Phahicridae 
is Fhahicrus cartels Sturm, obsersed by dAguihir (lOII) in a CmlrcclU- 
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smutted head o£ Carex nparta The larva subsists exclusively on spores 
of Cmtractia subinclusa these spores being evident inside the alimentary 
canal of the insect When adults appear at the end of July, they have the 
same diet of fungus 

Many species of the race Phalacrus destroy the smut spoies produced 
on grasses (Friedrichs 1908) The spores of these insects have lost in the 
excrements their viability Hence insects are not dispersal agents of the 
Ustilagmaceae When Friedrichs (1908) placed material drawn ont of 
the posterior intestine on nutrient agar, the contained spores did not 
germinate The same was true of spores drawn out of the middle in- 
testine However, the spores from grain that sheltered larva of Phalacrus 
germinated readily 

The larva and adults consume quantities of spores This regimen and 
Uie abundance of Phalacrus fimetanous on the ears of cultivated plants 
parasitized by UstUagmae give to the genus Phalacrus a certain economic 
importance 

Other examples of insect predators of fungi include Deuterosmmthus 
htcmctus var rcpanda which browses on conidiophores and comdia of 
the downy mildew fungus of grape, Plasmopara vtttcola (Grasse, 1922) 

Finally, let us report the antagonistic action of certain inferior repre 
sentatives of the animal kingdom In artificial media the mycelium of 
Verttcilliwn dahltae does not grow, and its pseudosclerotia do not 
germinate in presence of infusoria of the race Culpoda Tomato plants 
grown in nutrient solution containing pseudospores of V dahltae wither 
rapidly, although no infection occurs when the solution contains active 
infusoria In infested soils when Culpoda is present, the intensity of the 
disease is decreased (Brodski, 1941) The mode of action of the pro 
lozoan IS unknoivn 


V Microbial Antvconisms 
A Phenomena of Antagonism 

Tlic phcnomein of antagonism betiveen microorganisms have been 
particularly studied m recent >cars wiUi the development of antibiotic 
substances When i nutrient medium is sown with two microorganisms, 
one frequently inhibits the growth of the other (Fig 1) 

Different chssic techniques demonstrate tins phenomenon Tlicy 
consist of sowing two or more organisms at different points on the 
surface of an agir medium and allowing them to grow or in inoculating 
a pi lie with fungus spores or bacteria and tlicn placing a fragment of 
agar l>t inng mother organism on the surf icc nearby Inhibition zones 
are then often observed (Fig 2) In the periphery of the zone, morpho 
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genic cllcctb cust Deformations or the lysis of \Lgct Ui\l elements of the 
mliibited orgmism ire observed A short distance beyond stimulation 
occurs m the fonn of much br inched hyjihae, increased sporulation, etc 
Temper iture composition of nutrient medn, md other fictors affect 
antagonistic phenomena 

Many microorganisms, bacteria actinomycctcs, fungi isolated from 
the sod or various substrata can thus act on phytopathogenic igents 


Fic 3 The antagomstic action oE an actmomycete on Sclerotinia sclerottorum 
Left two Etlenmeyer flasks m which the Actioomycete has inhibited the Sclerotima 
Right two check flasks in which the actmomycete has not been introduced 


In a study on several thousand isolates 256 of them, mcludmg 60 
strams or species of bacteria, 90 strains or species of actmomycetes, and 
106 strains or speaes of fungi, have revealed antagonistic action on 
phytopathogenic agents The latter mcluded 10 bacterial species and 
43 fungal species helongmg to vanous famdies Phythiaceae, Ustila 
gmaceae, Telephoraceae Erysiphaceae Hehotiaceae, Sphaeriaceae, 
Valsaceae, Phomaceae, Mehanonaceae, Monihaceae, Dematiaceae and 
Tuberculariaceae (Darpoux and Faivre Amiot, 1950) Other studies have 
mcieased this list, and it is probable tliat most or the whole of the 
phytopathogenic agents are susceptible to antagonistic organisms 
In certain cases no distinct zone is established, but the growth of 
the pathogen is inhibited by the invasion of the hyphae of the antago 
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nist That may be accompanied by the winding of the antagonistic 
hyphae around tliose of the inhibited fungus and sometimes by active 
hyperparasitism 

Moreover, the action can be mutual Thus, AUeniaria sohni inhibits 
the growth of Streptomyces grtseus, but its growth is also inhibited and 
its mycelium deformed by the mHuence of Streptomyces 

The liquid nutrient medium on which an antagomstic organism has 
grown can also mhibit the growth of a pathogen This can be demon 
strated by the disk or link method (Fig 2) 

Waksman (1957) has discussed how antagonism arises In the 
competition for space the vegetative vigor of one organism can impede 
the growth of another (many Mucoraceae) 

Also, physicochemical changes of the medium such as oxidation 
reduction potential, osmotic pressure, and pH can inhibit grovvtli Thus 
species of Aspergillus can aadify the medium or make it unsuitable for 
the growth of other organisms Organisms often compete for a valid 
nutrient source Sometimes antibiotic substances are produced 

In some cases of antagonism these mechanisms probably occur to 
gether or successively On artificial media the chief causes are compc 
tition for nutrients and the production of antibiotic substances 

The inhibitory action of culture filtrates can be explained by physical 
changes in the medium during growth and the production of antibiotics 
This last point has been the subject of mucli study ever since tlie 
discovery of penicillin By isolation and purification of compounds in 
filtrates, antibiotic substances have been obtained winch are used in 
fighting infections m man and animals But the antibiotics arc active 
against plant pathogens as well 

B Microbial Antagonisms m Sod 

Phytopathologists have neglected for a long time tlie role of the 
microbnl population of the soil, considering only the parasite and tlic 
disease 

Sanford (1926) and Millard and Taylor (1927) began the study of 
the relations existing between soil microorganisms and the patliogen Jiost 
complex Sanford proposed that the beneficent action of certain green- 
manunng crops m reducing the common scab of potato is indirect and 
results from tlie effects of bacteria antagonistic to Streptomyces scabies 
Millard and Taylor (1927) then suggested that under certain conditions 
attacks by S scabies was rcducexl by an antagonist, S praccox 

Recent study of biological activity m the soil has rcsolvtil piridoxicil 
obserx ilions and cqierimcntil results, and his suggcatctl flie possilnlit) 
of fighting ccrtiin diseases h> bmlogicil means 
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1. Antagonists Isolated from the Soil 

Tlie microbial population of the soil is abundant. According to 
Pochon and deBarjac (1958) the number of actinomycctes varies be* 
tween 100,000 and 36,000,000 per gram in most soil. Bacteria and fungi 
are also very abundant. 

Alexopoulos (Alexopoulos and Ilerrick, 1912; Alexopoulos ct al., 
1938), studying tlic antagonistic properties of 80 strains of actinomycctes 
from the soil, used Collctotrichum gleosporioUles as a test organism and 
found that 17% of actinomycctes were strongly inhibitory, 39% were 
slightly inhibitory, and 44% had no action. 

In Louisiana, where sugar cane rot occurs, the frequency of actino- 
mycetes antagonistic to the patliogens was studied. From 18% to 31% of 
the actinomycctes isolated were antagonistic to one of tlie casual or- 
ganisms, Pijthium arrhenonuines, Pythium ultimum, and Rhizoctonia 
solani. Some actinomycctes were antagonistic to all three fungi; others 
only to one (Cooper and Chilton, 1947, 1949, 1950), About 15% of 
isolated fungi, chiefly species of Pcnicillium, Aspergillus, and Spicaria, 
were antagonistic to Pythium arrhenomanes (Luke, 1952). Only 3% of 
the isolated bacteria were antagonistic to this fungus (Connell, 1952). 
In certain soils where the Panama disease caused by Fusarium oxy- 
sporum f. cubense prevails, Meredith (1944) classified the organisms 
occurring there in three groups: those which apparently increase the 
pathogen, those having no effect on its growtli, and those which are 
antagonistic to it. Among the 1020 organisms isolated and tested in vitro, 
66 showed a sliglit antagonistic action, 39 a middle antagonistic action, 
and 17 were strongly antagonistic to the pathogen. The distribution of 
antagonists varied widely according to the different samples of the soil. 
Among the many antagonistic bacteria was B. subtilis, and tbe most 
frequently occurring antagonistic fungi were species of Penicillium, 
Aspergillus, Trichoderma, and Trichothecium. 


Organisms antagonistic to Ophiobolus graminis are also common. 
Thus, Broadfoot (1933) isolated from the soil 66 bacteria and fungi, 15 
of which were antagonistic, and Sanford and Broadfoot (1931) noted 
36 species antagonistic to O. graminis. Some microorganisms, such as 
Rhizopus sp., stimulated this pathogen. 


Antagonists in the soil of Streptomyces scabies (Lochhead and 
Landerkin, 1949), Pythium graminicola (Meredith and Semeniuk 1946) 
Fusarium Uni (Anwar, 1949), and Collctotrichum linicola (Lachance’ 
1951) have also been reported. ' ’ 


Tims, many fungi, bacteria, and actinomycetes in the soil are antago- 
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nistic tn vttro to pathogens One wonders what these microorganisms do 
m tile soil and whether they are useful m fighting certam plant diseases 

2 Action of Antagonists in the Soil on Plant Diseases 

Experiments tn vitro demonstrate that microbial antagonists can 
decrease the virulence of phytopathogemc agents and protect the plant 
from the infection Sunflower seedlmgs in Erlenmeyer flasks have been 
protected from attacks of Sclerotmia sclerotiorum by mtroducmg a 
stram of an antagonistic actmomycete (Darpoux and Faivre-Amiot 
1950) 

Jaarsveld (1942) cultivated Chmese cabbage seedlings m test tubes 
on sterile media They were then inoculated with Rhizoctonm solani, 
plus one or several antagonists Clear antagonistic actions have been 
obtained with two strains of Trtchoderma Itgnorum, followed by 
Pyronoma confluens, Cyltndrocarpon dtdymum, Pentcillium expansum, 
Cladosponum herbarum, and Abstdta spinosa The effect of several 
antagonists seems additive However, C dtdymum decreased the an 
tagonism of the others Disease levels were reduced when expenments 
were conducted m a previously sterilized soil, but m natural soils results 
have often been disappomtmg 

Let us examine some experiments on several types of pathogens and 
the diseases that they cause 

a Phytophthora and Pythtum Hartley (1921) several years ago 
mvestigated damping off in the seed bed, caused by Pythium debary- 
anum The seeds were sown m pots m a previously sterilized soil and 
then moculafed with the pathogen and various organisms, including 
Trichoderma koningt, Phoma spp , Chaetomium sp , BJiizopus nigricans, 
Trichothecium roseum, Aspergillus spp , Pentcillium spp , Bacterium sp , 
and unidentified fungi In all cases the emergence of seedlings was 
increased over the check samples However, tliese saprophytes were 
ineffective in nonsterilized soil 

In the case of the damping off of tomato seedlings, caused by 
Phytophthora parasitica and P cryptogea, disease levels were reduced 
in sterile soils when Aspergillus clavatus or Pemctllium clavatum in 
organic suitable medium were introduced before the pathogen Glucose 
improved their effect (Grossbard, 1948, 1952) 

In greenhouse or hotbeds Trichoderma koningi decreased the attacks 
of P parasitica on tomato (Katzcr, 1939), and in iireviously slerili/cd 
soils Pythiuin on cucumber seedlings were reduced by a species of 
Trichoderma (Allen and Ilaenseler, 1935), of a Pylhium on sugar cine 
seedlings, by actinomjcctes isolated from the soil (Tuns, 1932), of a 
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Pi/thium on alfalfa, by Pullularia puUuIans or by Penicillium cxpansitm 
(Van Luijk, 1938); and of Pythium arrhenomanes on wlie.xt roots, by 
several actinomycetes and fungi belonging to the genera Spicaria, 
Penicillium, and Aspergillus (Johnson, 1952). 

Many results have been negative, however. Certain organisms, having 
strongly antagonistic properties m vitro, were without action in the soil. 

Physical and chemical properties of the soil play an important role. 
Thus, Wright (1956b) prevented the attacks of a Pythium on white 
mustard seedlings by adding Trichodenna viride, Penicillium nigricans, 
P. frequentans, and P. godlewski in a lime fertilized soil, while results 
were negative in acidified soil. 

In natural, unsterilized soils, positive results are still more uncommon. 
Thus in a sterile soil to which 1% glucose had been added Trichoderma 
lignorum or Sfrepfomj/ces sp. considerably reduced the damping-off of 
alfalfa by Pythium debaryanum and P. ultimum But in natural soil the 
results were generally negative, except when a large, antagonistic 
inoculum was used. 

b. Rhizoctonia solani. The reduction of attacks of Rhizoctonia solani 
by Trichoderma viride has often been noted. Although Trichoderma 
can parasitize hyphae of Rhizoctonia, it also is antagonistic. Some strains 
of Trichoderma produce gliotoxin or viridin. 

In sterile soils the addition of Trichoderma viride decreases the 
attacks of Rhizoctonia on cucumber seedlings (Allen and Haensler, 
1935), on peas (Cordon and Haenseler, 1939), and on lettuce plants 
(Wood, 1951). In natural soils, Cordon and Haenseler (1939) have 
obtained good results on peas and cucumbers. On lettuce plants Wood 
(1951) demonstrated inhibition of the pathogen at first, but the effect 
rapidly disappears. Bacillus simplex. Bacillus subtilis, and Papulospora 
stoucri showed themselves antagonistic to the Rhizoctonia volant in soil. 

c. Phymatotrichum omnivorum. It has been possible to modify the 
flora in contact with roots by direct inoculation. Aspergillus luchiensis, 
Penicillium luteum, and Trichoderma lignorum are all antagonistic to 
Phymatotrichum omnivorum in the laboratory. They can be established 
and apparently increase in the rhizosphere of the cotton roots in ex- 
perimental plots. All of these organisms were recovered in greater 
quantity than in check soils at a distance from the point of introduction 
(Morrow et at, 1938). Inconclusive results have been obtained with 
other antagonistic organisms. 

d. Streptomyces scabies. Fungi such as Trichoderma are antagonistic 
to S. scabies in vitro. Tlie intensity of potato scab has been decreased 
by applying this fungus in the furrow around the growing tubers. But 
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even in slorilo soils oilier .uUagonislic niicioorganisms (PonicnUiim, 
bacteria, aclinomycclcs) Iiad no effect (Dames, 1937). 

e. Ophiohohts '^raminis, O. gmminis decreased in virulence in a 
sterile soil that tlicn was recolonized by a saprophytic flora. Here the 
disappearance of the pathogen was sometimes more rapid than in a 
natural soil, probably because of the growth of strongly antagonistic 
organisms. 

f. Fusaritim culmorum and Hetminfhosporiwn sativum. In green> 
house soils Trichoderma lii;norum and Pijronema conjltiens reduced the 
pathogenicity of F. culmorum (Johnston and Greaney, 1942). When a 
soil is inoculated with H. satioum or F. culmorum, the virulence of tliese 
fungi is decreased by degrees, hut much more quickly in a natural than 
in a sterilized soil, thus suggesting tlie role of Uie soil microflora. Further, 
H. sativum cannot colonize unsterilized com stubbles, whereas it easily 
establishes itself on tliis substratum after sterilization. 

g. On Different Pathogenic Agents. In experiments in sterile soils 
species of the genera Rhizopus, PenicUlium, and Fusarium reduced 
attacks by Cephalothecium roseum (Greaney and Machacek, 1935). In 
sterilized greenhouse soil different fungi and bacteria have reduced pink 
root rot (F. culmorum) and the bacterial fading of carnation (P. 
caryophylli) (Thomas, 1948). Fusarium udum, which causes the fading 
of the gray pea {Cajanus cajan) was more virulent in sterile than in 
natural soil. Several antagonistic organisms were isolated from the 
natural soil (Vasudeva and Roy, 1950). A species of Chaetomium, added 
to a sterilized soil, tlien infested by Fusarium Uni, reduced the intensity 
of the flax wilt (Tervet, 1938). In pots in a sterile soil inoculated with 
antagonistic bacteria the infection of com seedlings by F. graminearum 
{Gibberella saubinetii) was prevented. Similarly the inoculation of 
unsterilized soil on which diseased flax had previously grown reduced 
the infection by F. Uni of a second crop of flax seedlings from 26 6% for 
the tests to 95% (Novogrudski, 1937). 

3. Factors That Modify the Biological Equilibrium and Act on the Disease 
Many factors favor an antagonistic role for microorganisms. We have 
long known tliat certain cultural practices alter the attacks of various 
pathogens, sometimes favorably and sometimes not. Fallow land aids 
the development of soil saprophytes (Henry, 1931). But to know whether 
a cultural practice acts on tlie virulence of the pathogen or on the 
resistance of the host directly or whether the effect is indirect by chang- 
ing the soil-biological equilibrium is not easy. Various studies bear on 
this point. 
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The number of actinomycetes in a soil and their relative abundance 
in relation to the microflora as a whole can be considerably influenced 
by the crop plants present, as Lockliead (1940) has shown. Indeed, the 
roots secrete soluble compound or tissue losses: losses from the root cap 
and from epidermal and cortical cells. Also, the plants secrete toxic 
substances into tlie soil tliat inhibit certain microorganisms. It is small 
wonder, then, that the microflora of the rhizosphere varies considerably 
with the species of plant — even with varieties — and also with their 
development period. 

The action of green manuring on the disease development in relation 
to potato common scab, caused by Streptoiyujces scabies, and the role of 
certain microbial antagonists, especially to S, praecox, has already been 
discussed. Green manuring with soybean in pots of naturally infested soil 
has reduced disease, while rye and clover had no effect. Soybean residues 
considerably increased the population of all soil organisms, especially 
soil fungf» whereas rye acted only on the bacterial population (Atkinson 
and Rouatt, 1949). 

If a soil is poor in organic matter, green manuring makes available 
quickly the elements favoring development of antagonists. Green manur- 
ing can also modify the pH, and some failures have occurred when the 
soil pH was unfavorable to antagonists. 

The influence of green manuring and of amendments and fertilizers 
on development of the root rot of cereals, caused by Ophiobolus graminis, 
has been extensively studied. This organism grows in two phases: a 
parasite phase on the growing plants and a saprophytic phase on the 
roots and stubble. In unsterilized soils its disappearance varies with soil 
type and with temperature, moisture, and soil fertility. 

During the parasitic phase it is possible to reduce the disease by 
increasing the amounts of assimilable P, nitrate N, organic amendments, 
oligo-elements, etc. All of these treatments increase the soil microflora, 
as shown by increased CO 2 production by soils after their addition. In 
the saprophytic phase tlie microflora is primarily responsible for the 
disappearance of the pathogen. 

O. graminis is not continuously a saprophyte in the soil. It disappears 
rapidly as the crop residue is decomposed. It is ill-suited for competing 
with the soil microflora. It is a poor thing, a guest in an inhospitable 
society. Us disappearance depends on the soil type and medium con- 
ditions. Stubble and material nch in carbohydrates and poor in nitrogen 
(starch, raygrass flour) hasten its disappearance. A clover crop grown on 
stubble has the same effect. In lliis case the action is double. The growth 
of antagonists is increased, and competition between the crop and the 
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patliogen for the assimilable nilrogcn is assured (Garrett 1936 1937 
1938, 1914). ’ ’ 

In the case of the cotton root rot, caused by Phymatotrichum omni- 
vonwj, many authors Iiave shown that the addition of organic manures 
reduces the intensity of the disease in infested soils. Tlie microbiological 
activity is much more intensive (high release of CO^) in soils to which 
such manures have been applied for a long time. Tlie incorporation of 
green manures in the soil (sorghum, chickpea) also has a good effect. 
Bacteria and actmomycctes increase considerably, the fungi only a little 
(Mitchell ct al., 1941). Farm yard manure and chopped sorghum also 
inhibit tlie growth of P. omnivorum (Mitchell et al, 1941) in the soil. 

Nitrate nitrogen and maize flour reduce Uie disease levels of Rhiz- 
octonia solani and also its persistence in the soil, while sugars, lime, 
magnesium sulfate, and sulfur favor the disease (Sanford, 194/). Maize 
flour is especially effective when new antagonists are added to soil 
(Wood, 1951). Other amendments give good results in natural soils, but 
do not act in sterilized soils, thus demonstrating tlieir influence on the 
soil microflora. Damping-off of alfalfa, caused by Pythium ultimum and 
P. dcharyamim, is reduced by applying 1% of oat straw and antagonists 
to a natural infested soil (Gregory et al, 1952). 

Soil temperature influences both the soil microflora and pathogens 
Thus damping-off of alfalfa, reduced by applications of oat straw at low 
temperatures, was hardly affected at high temperatures ( Gregory et al , 
1952). The action of Trichoderma sp. and Penicilliurn venniculatum 
against Rhizoctonia solani is mu«h more noticeable at 28® G than at 
18° C. (Boosalis, 1956). 

Tlie pH of the soil affects not only the patliogen but also the action 
of antagonists. The common scab of potato, caused by Sereptomyces 
scabies, and the root rot of wheat, caused by Ophioholus graminis, are 
frequent in certain limed soils of recently reclaimed heath. A biological 
lack of balance, unfavorable to the antagonists, resulted from the liming. 
Furthermore, pH influences tlie action of Trichoderma viride. 

Tlie addition of a suspension of Trichoderma spores in a boggy soil 
was effective in reducing the attacks of Rhizoctonia solani on Citms. The 
amount of disease reduction was correlated with pH, being excellent for 
the low pH of 4 5, moderate for a medium pH of 5.7 to 6 1, and inactive 
at pH 7 0 (Weindling and Fawcett, 1936). Soil acidification with 
aluminum sulfate or sulfunc acid has also been recommended by Wiant 
(1929) for the control of Rhizoctonia solarU on forest tree seedlings. 

Trichoderma viride is also a natural antagonist of Pomes annosus and 
prevents the establishment of this pathogen on stumps of trees in acid 
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soils. F amtosus does not Jppear in .1 natural acid sod. However, in the 
same soil after sterilization Fames becomes established unless it is 
stopped by introducing TrichoJeriiifl (Trcschow, 1911), The importance 
of the disease m alkaline soils has been attributed to the lack of 
Trichoderma (Rishbeth, 1950). 

Chemical treatments can also favor antagonistic microorganisms. 
Carbon disulfide is especially active in reducing the attacks of Armillaria 
mellea on Citrus. The pathogen, established on tlie roots or the trunk of 
a host idant, is protected by a stratum of pscudosclerotia that permit it 
to survive in the soil for several years and to resist tlie attack of soil 
organisms, especially Trichoderma viride. After fumigation T. viride is 
almost always found in the roots of Citrus in which the pathogen has 
been destroyed. 

At first, it was thought that T. viride resists fumigation and is tiic 
first in colonizing the dead mycelium of the patliogen. However, the 
pathogen does not grow in mixed culture with the antagonist. Added to 
soils, T. viride destroys the pathogen by itself. Moreover, the carbon 
disulfide is inactive against the pathogen in soil unless the antagonist 
is present. 

Thus, in natural soils T. viride is not dominant enough to destroy 
the Armillaria. But after partial sterilization of the soil, Trichoderma 
becomes dominant and colonizes the pathogen (Bliss, 1951). 

On occasion 2,4-D may have similar effects. Thus, Warren et al. 
(1951) have reported the prevalence in the soil of an actinomycete after 
treatment of tomato plants with 2,4-D. This microorganism on agar 
medium is antagonistic to many fungi, such as Rhizoctonia solani, 
Sclerotinia cinerea, Sclcrotium rolfsii, etc. 

4. Mechanisms of Action of Antagonists 

Different mechanisms of action for antagonism have been noted 
above. Some postulated mechanisms of antagonism involve the large 
increase in microflora, following the adoption of a cultural practice, such 
as the application of a green manure. Large amounts of CO 2 , which may 
affect the pathogen, are produced in this process. 

Blair (1942, 1943) has suggested such a mechanism for the disap- 
pearance of Rhizoctonia solani. Alternatively, an increase in the micro- 
floral activity can lead to the loss of certain elements, particularly of 
nitrogen. 

Sanford (1926) showed lliat certain bacteria, when cultured in 
solution, make the solution loo acid for the germination of S. scabies. 
Thus the growth of these bacteria in the soil can lead to a modification 
of the pH, unfavorable to the pathogen. 
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But very many antagonistic organisms can produce antibiotic sub 
stances m culture on artificial media This raises the problem of the 
production and role of antibiotics m the soil 

5 Production and Role of Antibiotics in the Sod 

Most of tile known antibiotics are produced by soil microorganisms 
We may ask if the soil is a medium suitable for antibiotic production and 
whether such substances are suflSciently stable m tlie soil to have a 
biological role tliere 

The relations of soil microorganisms m respect to antibiotic pro 
duction have been studied by Jefferys et al (1953) m a sandy and acid 
podsol They isolated 65 species, half of which produced antibiotics The 
most widely distributed species included the most important percentage 
of producers Some common and nonproducmg species are comparatively 
resistant to the antibiotic substances coming from other species These 
facts suggest that the production of antibiotics by soil microorganisms 
may have ecologic significance 

The first experimental work on the production of antibiotic sub- 
stances in tile soil was reported by Grossbard (1948) The author 
showed that m a sterilized soil enriched with glucose, wheat straw, or 
beet pulp, Pentcillium patulum produces an antibacterial substance, 
patuhn Later studies showed that palulin is produced by other species 
of Pemcilltum and by 2 species of Aspergillus as well when they grow in 
sterilized soil, ennched with carbohydrates or other assimilable organic 
substances 

Tile production of patuhn is strongly decreased when otlier micro 
organisms are present Under these conditions the soil must be heavily 
inoculated with P patulum if antibiotic activity is to appear during the 
following days Tliere the production is improved by such organic 
materials as flour, glucose, and com steep liquor 

Chloromycetin is produced by Streptomyces venezuelae and actidione 
by S grtseus is sterUized soil amended with various organic elements 
(Gottlieb and Siminoff, 1952) 

Wright (1954, 1955, 1956a, c, Wright and Grove, 1957) has especially 
studied antibiotic production by common fungi in the soil She obtained 
ghotoxin from a strain of Tnchoderma vtride xn t\vo types of sterilized 
soils (podsol at pH 3 9 and garden sod at pH 6 3), receiving an organic 
amendment \Vhen no organic matter was added, gliotoxin production 
was appreciable only in the podsol Acidification of garden soil favored 
antibiotic producbon In unstenie sods no antibiotic was produced in the 
garden soil amended witli corn flour, but m a podsol enriched with com 
flour production was appreciably increased 
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For the production o£ grhcofulvin by P, tugricmis tlic main factors 
were sterilization and addition of organic nutrients. But here fungus 
growtli and antibiotic production were better in the garden soil than the 
podsol. GriseofuWin production was decreased by inoculation of the soil 
with various microorganisms. 

Tlie production of antibiotics in the soil can be influenced by many 
factors, especially the soil type, its pH, the sterilization, and tlic ad- 
dition of organic elements. The beneficial effect of sterilization may 
eliminate competing organisms and may also increase the availability 
of nitrogenous organic compounds 

One wonders if the production of antibiotic substances is homo- 
geneous in a soil or if its importance is only locally important near the 
roots To answer this question, Wright (1956a) studied the production of 
gliotoxin by T. viride in and around straws sunk into the soil. The 
production was more important in the straw tlian in the soil around it. 
The pH of the soil, and especially the pH of the nutrient substratum, 
had a large effect The sterilizing of the soil or the straw also played 
a role. 

These studies demonstrate that antibiotics can bo produced in the 
soil at least under some conditions Presumably antibiotic production can 
be increased when the influencing factors are belter known. 

The composition of the nutrient medium has a profound effect on the 
yield of antibiotic. Thus boron stimulates the production of penicillin; 
manganese, that of streptomycin; iron and zinc, that of patulin. 

Some carbohydrates produce a larger yield than others. Penicilliutn 
notatum prefers lactose in order to produce penicillin. Streptomijces 
griseus prefers starch and glucose for streptomycin and mannose for 
actidione. 

Meat extracts, soybean hydrolyzates, and corn steep liquor provide 
the amino acids necessary for antibiotic production by the organism. 
Some compounds serve as precursors, containing groupings found in 
the molecule of the antibiotic and thus stimulate its production. Ex- 
amples are phenylacetic acid, yS-crotonic acid, glycocoll, and folic acid 
for penicillin; inositol for streptomycin; tyrosine, phenylalanme, and 
tryptophan for Chloromycetin. 

Antibiotics vary in stability in the soil. Gottlieb and Siminoff (1951) 
noted that streptomycin is so strongly adsorbed by clay in the soil that 
it loses its activity. Pramer and Starkey (1951) reported that it disap- 
pears more rapidly in unsterile than in sterile soil. Thus in addition to 
adsorption, degradation by soil microorganisms takes place. This was 
confirmed by Jefferys (1952), who showed the influence of the soil type 
and its pH. In some cases, when the adsorptive capacity of the soil is 
saturated, activity can persist when high concentrations are employed, 



13 BIOLOGIC \I. INTEHILRENCE WITH EPIDEMICS 


541 


but one has difficulty in seeing how streptomycin can increase in a 
natural soil and play an appreciable biological role 

Chloromycetin is produced in the soil by S venezuelae Gottlieb and 
Simmoff (1952) showed that this neutral antibiotac is not adsorbed by 
clay, and activity persists in sterile soil However, it is less toxic than in 
a nutrient medium, the soil having a protecting eflFect on the sensitive 
germs In pure culture various bacteria detoxify chloromycetin by 
hydrolyzing the molecule or reducing the nitro group Presumably, 
microorganisms can have the same eflFect in soils In fact, chloromycetin 
disappears m unsterile soils 

Clavacin is anotlier antibiotic that is not readily adsorbed by the 
clays of the soil It is stable for a long time in a sterile soil but the 
microflora m a normal soil degrade it The microbial population in 
creases in a soil containing clavacin Gottheb et al (1952) reported 
the development of fungus strains resistant to this antibiotic Differences 
depending on the soil type have been observed (Jefferys, 1952) 

Penicillin is detoxified by many microorganisms that secrete pern- 
ciUmase In some neutral soils, however, it can maintain its activity 
sufficiently long to be biologically effective (Brian, 1949 Jefferys 1952) 

Jefferys (1952) studied the stability of ten antibiotics in podsolic 
soils and in neutral garden soil Eight of them were produced by fungi 
isolated from podsols Some were more stable than others, the stability 
varying from one soil to another Four types of inhibition were deter 
mined (1) The natural pH of certain soils is responsible for the in 
stability of albidine, frequentin, ghotoxin, penicillin, and vindm (2) 
Tlie soil microorganisms detoxify griseofulvm, mycophenohc acid, and 
patulin (3) The soil especially absorbs streptomycin (4) Inhibition 
of toxicity occurs m a poorly understood manner, probably of chemical 
nature Examples are gladiolic acid, penicillin, and streptomycm These 
antibiotics were more stable m acid podsohc sods than in the neutral 
garden soils In some sods the stability was sufficient to permit a bio 
logical effect when they are produced 

Gottlieb and Simmoff (1952) divide the antibiotics into three groups 
the basic antibiotics which are widely inactivated, eg, streptomycm 
and streptothrycm, the neutral antibiohcs which are slightly inhibited 
but which maintain a relatively lugh ictivity in the sod, eg, chloro- 
mycetm and actidione, and the acid antibiotics, the activity of which is 
intermediate between tlie basic and neutral substances, e g , clavacin 

6 Antibiotic Action 

In die sod the stable antibiotics that arc produced can act direcll> 
on pathogenic microorganisms to inhibit iheir growth Action of anti 
biotics m vitro includes preventing growth and the deformation— and 
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sometimes the lysis— of vegetative organs. Some antibiotics can also be 
absorbed by the plant root and translocated to different plant organs 
without losing their activity. Such substances are called “systemic." A 
classic example is streptomycin. Plants differ in this respect, however. 
For example, penicillin is absorbed by bean seedlings, but not by 
cucumber or maize. 

On the other hand, high activity can be found in aerial plant organs 
only if the antibiotic concentration in contact with the roots is high. 
Because streptomycin is rapidly inactivated in the soil, it cannot have 
a systemic role in nature Chloromycetin, on the contrary, is more stable 
in the soil, and can be absorbed by the plant if present in sufficient 
quantity. However, chloromycetin is probably not produced in sufficient 
quantities in the soil to play a significant biological role in the plant. 

The substances produced in the soil by microorganisms do not always 
play a favorable role. According to Agnihothrudu (1954), Ftisariwn 
oxtjsporum f. vasinfectum secretes fusaric acid into the soil, and tliis can 
be absorbed by roots and damage the plant as it moves through the 
tissues. The "tiredness” of soils seems to be due in part to the secretion 
of toxins by fungi such as Mucor, Alternaria, or CUidosporium herharum, 
which live on fragments of diseased plants. Thus, the toxins aid the 
action of the pathogen. 

7. Discussion: tlie Biological Struggle among Soil Organisms 

Two aspects of the biological struggle among soil microorganisms 
can be considered: (1) the specific contribution of antagonistic micro- 
organisms in the soil, and (2) the ways in which the antagonistic func- 
tions can be favored. 

The first of these can be illustrated simply after sterilization of the 
soil by heat. Such a soil can be recolonized quickly by antagonistic 
saprophytes which impede establishment of pathogens. For successful 
antagonism, favorable conditions must be provided. 

Antagonistic organisms often fail to become established in natural 
soils. In competition with the natural flora, the new organism is often 
eliminated. However, certain cultural methods or chemical treatments 
sometimes are successful, e.g., fumigations with carbon disulfide, which 
favors growth of Trichoderma. 

Gregory et al (1952) have shown that the use of antagonists in order 
to fight the damping-off of leguminous plants may be possible. However, 
these antagonistic organisms must be inactive against nodule bacteria 
{Rhizohium), which makes the problem complex but not insoluble. Tlius 
an actinomycete was found which was very active on Pythium without 
affcctmg the establishment of BJiizobittm on alfalfa seedlings. 
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^Vc have seen that antibiotics can be produced in the soil However 
wlien an organism that produces antibiotics is introduced in a soil it 
runs the risk of being quickly mhibited Even if antibiotic production 
occurs for a short time only, this can suffice to control a disease such as 
d imping off, to winch only the seedling plant is susceptible In tins case 
the antagonist permits the plant to grow through the decisive period of 
susceptibility, after which it is resistant Possibly the period of suscepti 
bihty can be shortened by increasing tlie rate of growth of the plant by 
high temperatures, for example 

Favoring the growth of naturally established antagonists m the sod 
IS more likely to be successful than introducing new ones The judicious 
utilization of certain green manures, amendments, and vanous fertilizing 
elements will often give positive results More studies must be made 
(1) on tlie growth conditions of antagonists and the production condi 
tions for antibiotic substances, (2) on the stability of these antibiotics 
and their action mechanism, (3) on Uie virulence of the pathogen and 
(4) on the host susceptibility These studies along with some good luck 
should brmg more precision and success m the biological control of 
soil borne pathogens 

C Anfagontsm and CompettUon at the Time of Sowing the Seeds 

The normal saprophytic flora of the surface of seeds limits the attack 
of certain pathogens Simmonds (1947) reported that the percentage of 
corn seedlmgs attacked by Helmtnthosponum sativum was decreased 
by incubating the seeds for 24 hours in a humid room before inoculation 
Probably the moisture favored the growth of ^ntagonJstlc saprophytes 
on the mteguments of the seed 

Ledwgham et aJ (1949) and SalJans et aJ ( 1949) demonstrated that 
when chemical treatment removed the surface flora from seeds there 
was an increase in attack by H sativum Formaldehyde or lactic acid 
acted in this way Thus the seedlings of treated seed which was then 
inoculated were more frequently diseased than were untreated seed, 
especially in sterile soil 

This raises a problem about seed disinfection When the superficial 
saprophytes are eliminated, pathogens in the integument can gro\v with 
out hmdrance 

In pure culture many organisms which are antagonistic to pafliogens 
have been isolated from the surface of the seed integuments Attempts 
have been made to utilize these or other organisms m fighting pathogens 
that attack seeds 

Novogrudski (1937) recommended bacterial inoculation of seeds to 
combat Tusarium Itnt and Colletotnchum hnicola on flax With various 
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bacteria he was able to decrease the percentage of diseased plants. 
Beresova and Nauomova (1939) obtained similar results. The attack of 
Fusariwn gramtnearum was reduced by treating corn seed with cultures 
of Pseudomonas or Achromobacter. Similarly, Krasilnikov and Raz- 
nitzyna (1946), by using similar microorganisms, controlled Fusariwn 
on seeds of Pinus sylvestris. 

By using such species of Chaetoniiwn as C. cochlioidcs, Tveit and 
Wood (1955) obtained as good control of the blight of barley seedlings, 
caused by Fusariwn nivale, as when organo-mercurials were used. Ap- 
parently the antagonist was able to establish itself and to persist for 
some time in the soil. 

The inoculation of seeds with antagonists may eliminate not only the 
seed-borne pathogens but soil microorganisms that parasitize the seed- 
lings. Soil saprophytes sometimes decrease the virulence of seed-bome 
pathogens, as shown by the differences obtained after sowing in natural 
soil and in sterilized soil. The antagonism phenomena on seeds are 
doubtless the same as those described in the case of the soil. 

Production of antibiotic substances in the integument of seeds was 
studied by Wright (1956c), who noted that pea seedlings arising from 
seeds inoculated with spores of Trichoderma viride had chlorotic coty- 
ledons, similar to those observed on seedlings growing in gliotoxin solu- 
tions. Thus T. viride probably produces gliotoxin on the seed in concen- 
trations sufficient to damage the seedlmgs. Tliis hypothesis was verified: 
the concentration of gliotoxin in the integuments of pea seeds inoculated 
with spores of T. viride was appreciable 3 days after germination and 
reached a maximum about the fifth day. The quantity of gliotoxin was 
much higher in the integument than in the soil around the seed. More- 
over, Wright demonstrated that Penicillium frequentans could produce 
frequentin and Streptomyces venezuelae, an unidentified antibacterial 
substance that seems to differ from Chloromycetin. 

D. Antagonism on Fruit During the Storage 

Cases of antagonism have been noted on organisms attacking fruit 
in storage. Tlius two strains of Bacillus subtilis are antagonistic in vitro 
to several pathogens of citrus fruit and to Penicillium digitatum especi- 
ally (Gutter and Littauer, 1953). 

E. Antagonisms on a Level with Aerial Organs 

Tlie mixing of an antagonist witli the inoculum of a pathogen can 
reduce die infccHon. Tims Bamberg (1931) isolated bacteria which 
in vUm were antagonistic to Ustilago ^ac. The culture filtrate of these 
bacteria liad no effect on the pathogen. But when the bacteria were 
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mued with smut inoculum they reduced the infection rate of corn and 
inlubited the germination of chlimydospores Tliey also seemed to cause 
disintegration of the galls 

In nature the antagonistic saprophytes seem to play a biological role 
m relation to wound pathogens or pathogens that establish themselves 
by first colonizing the dead tissues By invading these tissues before 
the pathogen does so antagonists can prevent infection or at least limit 
It Thus Steroum purpureum establishes itself easily on freshly cut tis 
sues, but does so witli difficulty on 3 month old lesions that are already 
colonized by saprophytic microorganisms (Brooks and Moore 1926) 

Tlie studies of Wood (1951) demonstrate the importance of micro 
flora on leaf tissue After attacks of Botrytis on lettuce in the field more 
young plants survived m the hollows than where the ground was flat 
In tlie hollows Wood reasoned the dried leaves at the base of the plant 
were sometimes covered by water which had run from the surrounding 
soil This permitted the growth of saprophytes antagonistic to the 
Botrytis on tlie dead tissues Wood (1951) analyzed this phenomenon 
experimentally, and concluded that many microorganisms are antag 
onistic to Botrytis cinerea at 25® C but are less so at lower temperatures 
and that certam of them prevent the rotting of loose lettuce leaves when 
the antagonist is moculated prior to or simultaneously with B cinerea 

In a similar way Newhook (1951 1957) isolated organisms antag 
onistic to B cinerea from lettuce and tomato Cultures of Bacillus 
Pseudomonas and Chromohactenum from lettuce leaves were more 
strongly antagonistic to B cinerea at one temperature than at another 
On nutrient agar these bacteria raised tlie pH so high that the growth 
of B cinerea and its pectolytic activity were inhibited However the 
antagonism was largely due to antibiotic production In association with 
many bacteria B cinerea increased or decreased its sporulation or its 
hyphae were distorted In the field organisms isolated from the soil 
prevented the establishment of B cinerea on dead tissues of diiferent 
plants The antagonism of saprophytes must play an important part in 
the growth of B cinerea As dampness occurs it favors the establish 
ment and growth of the pathogen and the development of antagonistic 
microorganisms simultaneously 

Can antagonistic saprophytes be used to combat pathogens of aeri il 
organs of plants? The growth of saprophytes is possible either when 
dead tissue is present for colonization or when a suitable nutrient 
medium is provided for them on the plant The protection of the living 
tissues from pathogens by applying nutrients is a theoretical possibility 
that has not been crowned with success 

However, attempts to establish an antagonistic saprophyte on dead 
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tissues o£ the host has given some results B cincrca attacks the fruit 
only after becoming established on dead petals In greenhouse experi- 
ments Newhook (1957) applied spores of antagonistic saprophytes of 
Botrytis cinerea especially Cladosporiuin herharum and one Pentcilhum, 
to tomato petals directly aftei the fruit was set This was completely 
successful when recently dried petals were treated and only 30% success- 
ful when applied to petals that had dried for several days Thus it is 
possible to guide the colonization of drying organs On the other hand, 
natural colonization occurs on organs that have been dead for some 
time If these saprophytes are active antagonists of the pathogen, no 
inoculation need be done because there is a natural protection If they 
are not, it seems very difficult to substitute them with others 

Sometimes other treatments have an indirect effect on the coloniza- 
tion by saprophytes of host organs Newhook (1957) reports that if 
growth substances are applied to avoid the fall of tomato fruit, natural 
colonization by Chdosporium herbarum or PenicilUum is favored Then, 
the infection of Botnjtis is reduced from about 50% on untreated plants 
to about 2% on treated plants 

How do these antagonistic saprophytes prevent the attack by Botrytis 
cincrca of lettuce and tomato? Newhook (1957) reported that nearly all 
the saprophytic fungi isolated from the dry petals of tomato are antag- 
onistic to Botrytis cincrca Apparently these fungi have a common 
method of inhibition that is less specific than antibiotic production The 
inhibition of growtli of B cmerea is not a nutrient competition because 
its spores do not even begin to germinate when they come in contact 
with petals invaded by saprophytes In culture the antagonists also 
prevent spore germination of Botrytis The possibility of an unfavorable 
pH m the tissues, created by the antagonist, must also be eliminated 
Among the naturally occurring saprophytes of dry petals of tomato 
Cladosponum herharum is a most effective antagonist Some of these 
saprophytes are very active against B cincrca on sterile tomato petals 
Altliough Cladosponum herbarum is not among the most active, it plays 
an important role in greenhouse culture as an antagonist to Botrytis on 
tomato Cladosponum is able to grow under drier conditions on dying 
petals than tlie other microorganisms are Therefore it more easily 
colonizes the dead tissues, and thus more completely protects them 
against Botrytis infection 

What are llic effects of fungicide treatments on these antagonists? 
Tlic fungicide, m destroying antagonistic saprophytes, may weaken the 
natural protection of the dead tissues But resistant saprophytes, such as 
PeniedUum, presumably still protect the dried petals even after treat- 
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ment On the other hand, the antagonistic saprophytes that are fungi 
cide sensitive can also protect the dead tissues that were poorly covered 
with fungicide. 

VI Intliuctions in tiie Fungal and Bacterial Diseases 

When several pathogens are simultaneously or successively establish 
ing on a plant, several cases can exist 

(a) A competition occurs on tlie hving tissues of the host An ex- 
ample IS given by Ttlletta foetula and T cartes, both of which infect 
wheat Wlule plants in the field are attacked by either pathogen singly, 
the simultaneous presence of the two Ttlletta on a same plant is rarely 
reported One eliminates the other The fact has been experimentally 
demonstrated by Bamberg et al (1947) Seeds were artificially inocu- 
lated with T foetida and sown in a soil infested with T canes The 
presence of Ttlletta foetida on the seeds and then on the seedlings very 
clearly reduced the mfection by T caries Another example is Pemctlhum 
digitatum versus PemciUium ttahcum on citrus fruits When citrus fruits 
are treated with borate of soda, the first fungus is destroyed and the 
second then grows freely In this case, F dtgifaium prevails because of 
the density of its mycelium 

(b) The damage to the plant, caused by one pathogen, can impede 
the growth of another When Botrytts fabae attacks the leaflets of field 
beans and causes tliem to dry out, attack by Uromyces fabae is impeded 

(c) The actions of pathogens complement each other m certam 
simultaneous infections One pathogen may aid another m entering the 
host In other cases one pathogen may provide growth substances 
needed by another In stdl others one may take part w the destruction 
of Iivmg tissues, thus aiding the attack by another When a wheat plant 
IS attacked by Ophtobolus gramtms, bacteria can provide thiamine or 
biotin, substances which increase the virulent^ of tlie patliogen 

Sometimes there is a synergism between bacteria and fungi For in- 
stance, Sabet (1954) has demonstrated synergism between Bacillus poly- 
mtjxa and Rhtzopus nigricans on potato slices Erwima carotovora and 
B pohjmyxa are synergistic at and nearly indifferent at lower 

temperatures 

O graminis is more damaging when wheat seedlings have been sub- 
mitted for several weeks to various organisms, especnIJy Cladosporium 
hcrbarum Probably the toxms of Cladosporium increase the suscepti- 
bility of the plant This effect is more marked in light sods having a 
slight absorbent power, because m these sods the toxins move more 
readily and reach the roots much more easily (Brommelhucs, 1935) 
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Another pair of pathogens that act synergistically are Diplodia nata- 
lentis and Colletotrichum gloeosporioides on the citrus fruits (Fawcett, 
1931). 

(d) Fungi attacking one host in serial order may become dominant 
over the initial invader. The fungi establish themselves only on dead 
tissue, often follow and sometimes supplant the primary pathogen. The 
physiologic condition of the host plant or host organ influence this. Thus, 
the potato tuber which becomes depleted of its reserves in the spring 
is less and less suitable for the growth of Phytophthora infcstans and 
more so for the invasion by pathogens of old tissues. 

Successive infections on fruits have been the most thoroughly studied. 
Scab attack on apples and pears, caused by Venturia inaeqtialis and 
Venfuria pirina, favors the establishment of other pathogens: at first, 
Monilia fritcHgena, the cause of brown rot, and later, during storage, 
Trichothecium rosewn and also Gloeosporium fructigenum on apples. 
The invasion by these fungi into the pulp is made easier by tlie existence 
of corky callus tissue in the scab spots. Where these join with the skin 
of the fruit, imperfections occur that offer an easy entry. Gloeosporium 
fructigenum often attacks apples having rust lesions, caused by Gymno- 
sporangium clavariacformoe (Jprstad, 1938). Necfrla galligcna invades 
on the branches of apple trees following their injury by Venturia 
inaequalis, the scab pathogen. AnniUaria mellea very often attacks wal- 
nut tree roots following Phytophthora cinnamomi. 

Complex diseases result from antagonism of pathogens or their com- 
petition or their synergism on the plant. 

More.iii (1957) shows the different stages of the decline of carna- 
tions as follows; (1) weakening of the plant by Uromyccs, Hctcro- 
sporium, attack by nematodes or poor nutrient conditions; (2) attack 
by primary pathogens of declining tissue such as Vcrticiflimu cincrcsccirs 
or Pitsarium oxysporum f. bulbigenum; (3) invasion by secondary patli- 
ogens such as Ftisarium cUanthh Fusarium roscum, AUernarta dianthi, 
and Jlhizoctonia solani; (4) invasion by cellulolytic fungi such as Rhizoc- 
tonia balalicola, Melanospora sp, Chactomium sp. and of pcclolytic 
fungi such as Clodosporium herborum: and (5) the interaction of the 
plant microflora with the soil inicroilora. 

Chevaugcon (lOol) has also studied complex diseases of manioc. 
Hu* chief causes arc CloincrcUa citigtdafa, Ccrcospora hciiningsli, and 
Ccrcosporti caribac, which fasor the establishment of wound and weak- 
ness pathogens, whicli in turn arc followed by saprophytes. 

VII. Co\iru-xns AssociA‘n:D with NTmatodiis 
ItuIeiKodcntly of their specific pathogenic action, (he phyloparasitic 
nein.kUxles frequently arc insolvcd in the epidemiology of disc.ises 
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caused by other organisms The nematodes liave many enemies, which 
influence their numbers m the soil The apparent effect of edaphio 
factors on nematode populations is m reality often a result of their effect 
on the development of natural enemies of nematodes These effects have 
been kno\vn for a long time Much of the older work on this subject 
dealt with tlie classic species of tylenchids Biological compleves have 
much to do witli the economic importance of tlie tylenchids and 
dorylaimids that are migratory and ectoparasitic 

A Hyperparasitism m the Nematodes 

The parasites of the free nematodes are better known than those of 
the phytoparasitic species However, hyperparasitism is more diverse 
among the plant parasitic nematodes 

1 Bacteria 

Although they have been noted many times m nematodes, the bac- 
teria are but infrequently patliogenic However, Scliuurmans et al 
(1938) reported an undetermined bacterium to be frequent in Angutna 
filtformis, which frequently showed a partial castration m consequence 
In other cases the bacteria can gradually destroy the nematodes More 
often they act as symbionts and play a useful role in the digestion 

2 Microsportdtes 

In 1940 Tliorne described a microspondian Duhosquia penetrans, on 
a member of the Nosematidae family In the southern United States 
this organism parasitized 66 and 23% of two types of their host nematode, 
Pratylenchus pratensis This parasite was found later on in other 
anguiluls 

3 Fungi 

Many cases are known of parasitism of phytopathogenic nematodes 
by fungi belonging to very different groups In 1934 Bozsypal and 
Schmidt reported a Protoim /^Qpsis chutndia le attacking Hetarode ra 
schQchiii^he large and^ound chl^ydospores completely filled the 
encysted females and the larval content had been destroyed 

In 1877 and 1881 J Kuhn described a phycoraycete, Tarxchum 
auxilmre, parasitic on nematodes A tlim mycelium enters the cyst by 
the anal' opening and destroys tlie embryos, from tins mycelium per- 
sistent spores arc formed, whicli fill the interior of integuments Tins 
genus IS related to Entomophthora, several species of wlucli attack 
nematodes H GoSaxt (1933) recognized that the eggs and embrjos 
of Neterodera atAuxae could be parasitized by an ascoinyccle, Cijlnidro 
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carpon radtcicoUi Wollenwcber, known lo attack underground parts of 
various cultivated plants 

Some ascomycetes are able to kill nematodes witliout a direct contact, 
perhaps by antibiotic action (Metcalf, 1903). Metcalf noted the impossi- 
bility of growing R/iahdifis bteoispina in the presence of an Aspcr^^illus. 

B. Predators of Phytophagous Nematodes 
Apart from parasitism, nematodes can be attacked by more or less 
specialized predators. 

1 Protozoa 

In 1952 Weber and associates noted the existence of an ‘'amoebial” 
organism acting as a predator of the larvae of lleierodora rostochicusis 
in Holland. Called Thcratomyxa tcehcri Zwillenbcrg, it belongs to 
the family VampyrelUdae in the order of Proteomyxa. This very clastic 
rhizopod can attack many small-sizcd species of nematodes, free or 
parasitic Many nematodes can be caught by this organism. Thus, 128 
larva of H. rostochiensis were once observed in one cyst of digestion. 
Development of this amoeba occurs under such restricted conditions 
that it cannot be used to control nematodes. It will not tolerate drying. 

This species or another very similar was also found in England 
attacking the golden nematode and in Canada attacking tlie beet anguil- 
lul H. schachtii (Winslow and Williams, 1957). 

2. Hyphomycetes 

The Hyphomycetes as nematode predators are numerous and fre- 
quently met in nature. Tliey have been much studied because of the 
unique character of their method of capturing the nematodes. 

Forty species of these fungi have been found; some have been known 
for a long time, but most of them were described and studied by 
Drechsler (1937). These belong to the genera DactijlarUiy Acrostalagmus, 
Dactylella, and Arthrobotrijs (10 species in each of the last two). Some 
have buckles or adhesive nets that emit mycelium filaments to perforate 
the cuticle of the immobilized nematode, others have adhesive buds, 
peduncles, conidia, or adhesive hyphae. Tlie most curious traps are 
formed by constrictor rings, the cells of which suddenly become turgid, 
thus contracting, when a nematode penetrates into them, e.g., Dactylella 
bembicodes. 

Different attempts at practical utilization of these natural enemies 
have been made, first against the Meloidogynes which attack pineapple 
in Hawaii (Linford and Yap, 1939), then in France by Roubaud and 
Deschiens (1939) especially against nematodes parasitic on animals. 
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and recently in England by Duddington in relation to tile golden nema- 
todo of the potato. Some results have been encouraging, but we are far 
from using tliese fungi to control nematodes m agriculture. 

3. Other Nematodes 

Many nematodes, especially tliose of the Monochidae, are carnivorous 
and eat otlier nematodes. They have an enormous chitmeous buccal 
cavity provided with teeth. 

In 1927 Thome sliowed that huge populations of these nematodes 
occur, especially of Mononchus papiUatus The numbers vary widely 
from one year to another because this species is often parasitized by 
sporozoans, which destroy them, thus limiting their role as biological 
control agents. 

Other nematodes are also nematophagous. Thus, dorylaimids are 
frequently found inside Heterodcra cysts, the eggs are empty. 

4. Other Nematophages 

Although we often lack precise experiments, it seems that many 
cnchytreides, various Acari, and other soil arthropods attack nematodes 
that they meet. 

C. Action of Root Secretions on Nematodes 

The action of the flora on the development of the eelworm popula- 
tion can be important because this population is frequently limited by 
the amount of food in the environment. Obviously the growth of special- 
ized nematodes that can live only on some hosts depends on the fre- 
quency with which the host occurs, either as a crop or in the self-sown 
flora. But to many nematodes, especially Heterodera, the action of plants 
is more complex. Here the plant host serves not merely as a host, but 
also induces the larvae to hatch from cysts in the soil, and attracts the 
larvae. 

Sometimes plants exert this action on nematodes which cannot grow 
in their tissues. Thus in Holland, Hijner (1951) tried to use the wild 
beet Beta patellaris in a practical way because it induces hatching of 
cysts of H. schachtii without permitting the larvae to grow on its roofs. 

The larvae then die for want of a host. 

The chemical nature of these hatching factors is generally difficult 
to determine and not yet kno\vn. However, the work of Calam et al 
(1949) and of Marrian cf al. (1949) in Great Britain has resulted in the 
isolation of eclepic acid which is secreted by the potato and stimulates 
the hatcliing of the golden nematode //. rostochiensis. Tlieso authors 
showed that anliydrotetronic add has the same property. 
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In contrast, some plants inhibit tlie hatching of larvae from eggs 
even when tliey are later exposed to hatching factors The researches 
of Triffet (1934), Goffart (1934), and Franklin (1937) have described 
the action of root secretions of many plants on H rostochwnsis Thus, 
most leguminous plants, white mustard (Stmpts alba), maize, various 
fodder grasses, and other grasses strongly reduce the viability of cysts 
Franklin (1937) reports a reduction of 732 by exposure of cysts to Poa 
trivialis and Poa prataisis 

Other plants have a direct toxic action on many nematodes such as 
Tagetes, which practically eliminates certain soil species Their nemato- 
cidal effect has recently been demonstrated {Slootweg and Oostenbrik, 
1956, Uhlenbroek and Bijloo, 1957) The toxic substance is tertliienyl, 
which IS active on certam tylenchids — especially larvae of Heterodera — 
at doses as low as 0 1 p p m The dosage required is low for other nema- 
todes as well, e g , Ditylenchus dtpsact, Anguma tritict, and Pratylenchus 
sp However, the substance has low activity for the neighboring genera 
Meloidogyne and Hoplohtmus 

D Interation between Nematodes and Other Pathogenic Agents 
in Complex Diseases 

1 Cryptogamtc Diseases 

As early as 1892 Atkinson noted the simultaneous presence in cotton 
of the root knot nematode and fusanal wilt Tlie combined action caused 
much more severe damage than was caused by either pathogen alone 
The use of wilt resistant vanehes has permitted evaluation of the damage 
done by different nematodes belongmg to the genera Meloidogyne 
(causing root knot), Pratylenchus (the meadow nematode), and Bele- 
nolamus (sting nematode) Holdeman and Graham (1953) have demon 
strated experimentally the role of the latter m increasing the aggressive- 
ness of wilt for resistant varieties 

Tlie different nematodes affect their host m characteristic ways Some 
destroy tlie root endings, tlius providing an entry for fungi Others inject 
toxic salivary secretions that cause histologic anomalies in the host that 
m turn play a similar role m relation to fungi 

More complex interactions can be involved A nematode may weaken 
the host generally or cause a specific nutrient imbalance, so that the host 
becomes more susceptible to fungal attack An example in cotton is the 
high potassium required for growth of Meloidogyne, which leads to 
potassium deficiency of the host and greater susceptibility to cotton wilt 
Nematodes and soil fungi are frequently associated m disease Ex- 
amples are the association beUveen Meloidogyne sp and black shank 
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of tobacco, caused by Phytophthora parasitica var. nicotiana (Tisdale. 
1931), and Uiat between root knot and tomato wilt (Young. 1939). 

Nematodes may act as vectors for fungi, as shown by Barat (1952) 
for the decline of pepper plants in Indochina. Thus larvae of Meloido- 
gyne were reared aseptically on plants attacked by Fusarium or 
Pythium. When these nematodes were allowed to attack healthy plants, 
tliese fungi rapidly invaded tlie roots. When similarly reared larvae 
were treated with bichloride of mercury before being transferred to 
healthy plants, however, the nematodes grew normally and the roots 
were not invaded by fungi. 

2. Bacterial Diseases 

Bacteria and nematodes are sometimes associated m complex dis- 
eases. Thus, Crosse and Pitcher (1952) showed that the leafy gall of 
strawberry is due to the simultaneous presence m the foliage of the 
bacterium Corynehacterium fascians and an Aphelenchotdes Alone, 
neither one produces conspicuous symptoms, but together they produce 
a disease tliat leads to monstrous plants Similar effects have been re- 
ported for a disease of wheat, caused by Corynehacterium tritici, in asso- 
ciation with the nematode Angutna tritici (Vasudeva and Hmgonia, 
1952). The work of Stewart and Schindler (1956) showed that 4 species 
of Meloidogyne as well as Helicotylenchus nannus all accelerate the rate 
of wilting of carnations attacked by the bacterium Pseudomonas caryo' 
phylli. Except for M. incognita, these nematodes alone produced no such 
effect. When other nematodes attack bacterially wilted carnations, they 
do not accelerate wilting. 

Lucas and Krusberg (1956) observed the same phenomenon on the 
bacterial wilt of tobacco, caused by Xanthomonas solanacearum, and 
explained it by the nature of the attack of the nematode. Tylenchor- 
hynchus clatjtoni, which has no action on wilt, remains very superficially 
in the cortex, whereas Meloidogyne, which increases the damage from 
wilt, changes the vascular bundles. 

3 Conclusion 

The nematodes together witli soil-bome microbial pathogens play 
an important role in complex diseases. Also they frequently accentuate 
damage caused by other pathogens. Because file nematodes sometimes 
increase the damage and sometimes reduce it, we must be cautious in 
interpreting the observed facts. For example, some years ago Lambert 
and associates (1949) showed that the “Ccphalothccium disease" of 
cultivated mushrooms was really due to a Difijlcnchus that is always 
associated with a fungus, Arihrobotnjs superba. Formerly the constant 
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association o£ the Arthwbotnjs with this condition misled investigators 
to think of it as the cause The fungus does not cause the disease In 
fact It reduces the disease by bemg a predator of tlie nematode 

The multitude of soil microorganisms leads to many biological 
equilibria Lmford and Oliveira (1938) counted no less than 52 predators 
and parasites of the Meloidogyne that attack pineapples m Hawaii 
There were 18 fungi, 1 protozoan, 24 nematodes, 6 acaridae, and 3 
tardigrads Many of them also attack one another These interactions 
the role of which can be important have often been neglected m our 
thmkmg and have been destroyed before the onslaught of the classic 
nematocidal treatments 

VIII Interferences in the Virus Disease 
Interactions between plant viruses and other organisms are little 
known For example, potatoes infested by the leaf roll virus are more 
actively colonized by Doryphors and are quickly eaten Probably the 
starch accumulation resulting from virus infection offers a choice food 
for the Doryphor, which increases its voracity and its proliferation 
capacity tenfold 

More thorough observations have been made on the relations between 
cryptogamic and viral diseases The presence of the viruses X and Y m 
the potato increases its resistance to late blight caused by Phytophthora 
tnfestans (Muller and Munroe, 1956) The leaf roll virus has the same 
effect on the potato plant, yet this virus is considered to mcrease the 
seventy of late blight This effect probably results from the rolling of 
leaves which retain ram water, thus creating a microclimate favorable 
to tile pathogen (Richardson and Rollmg, 1957) 

Tile case where a microorganism creates an environment favoring a 
virus disease is also known For example beans infected by the rust 
Uromyccs phaseolt have a content of viruses 50 times superior to the 
plants free from rust (Yarwood, 1951) 

A Interaction between Viruses in the Host 
Two different viruses may mfcct tlie same plant, tlius producing a 
complex disease For example, tlic tomato filiform disease is caused by 
virus 1 of cucumber and tobacco mosaic virus Tlie double streak of 
tomato and tobacco is caused by vims X of potato and tobacco mosaic 
vims In both these cases the complex aggravates the symptoms caused 
by each vims separately TogcUier they lead to a necrotic disease, the 
seventy of which depends on the viralencc of the vims X strain involved 
Tlicrcforc, vims \ is the determinant, and its concentration probabl> 
IS modified by the presence of tobacco mosaic virus A similar effect of 
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one virus on the multiplication rate of another in the same host occurs 
with virus X and Y of potato when they attack potato, tobacco, or 
Nicotiana glutinosa The tiler of virus X is increased up to 10 times the 
normal concentration if virus Y is inoculated at tlie same time or after- 
wards. If virus Y is inoculated first, tlie titer is less (Ross, 1950). 

Two unrelated viruses can antagonize one another. One of the most 
curious cases is that of the severe etcli virus, whicli not only prevents 
the multiplication of tlie virus Y of the potato and vims 3 of Jienbanc, 
but even eliminates them from an infected plant (Bawden and JCas- 
sanis, 1945). 

Interaction between viruses, leading to a synergy or inhibition, is 
not difficult to explain. If each of tivo unrelated viruses aSects the 
troubles of metabolism of the host in a specific way, an effect on their 
multiplication could be expected, Bawden and Kassanis (1945) have 
supposed that antagonism probably resulted from a decrease in tlie host 
of either tlie metabolites or enzymatic system that are necessary to the 
multiplication of virus Y and virus 3 of the henbane. 

In complex diseases the appearance of symptoms can be e\plained 
by assuming that symptoms arise from physiological aberrancies in the 
plant. Thus, if one virus instigates modiBcations too slight to be trans- 
lated into symptoms, then tivo viruses acting together can sometimes 
produce a visible eflFect. For example, tlie necrotic lesions in the case 
of the double streak caused by a combination of virus X and tobacco 
mosaic virus. 

B. Interactions between Strains of the Same Virus 

A plant completely infected cannot be reinfected by this same virus 
or, to be more precise, by tlie same strain of this same virus. Protection 
of a plant against reinfection witli Uie same vims is most evident in the 
case of diseases having a chronic phase. Tobacco ring spot (Wingard, 
1928) is manifested by a shock phase immediately after inocuI.Uion, 
followed by a chronic phase during wliidi the content of vimscs declines 
and symptoms disappear. Eventually certain organs arc free of vims. 
When the host is inoculated during Uio chronic phase, no s>Tnploins are 
obtained; if it is inoculated on a cured organ, shock s>'mp(oins ap|>car. 

A plant is not only protected agaimt the strain of v!n:s with which 
it is infected, but also against all other strains of this \ ims. Tin’s tj pc of 
interference constitutes premunity and is observed only }>ct\\ccn cloioly 
related vimscs. It can seen only when hnxailatjon is done mcch.m- 
ically. Inoculation by insect vectors and by grafting nucly ixnnit this 
phenomenon to I>o observed. A host plant must have Ix-en moculutcd for 
a few davs in order to Imj protected against rcinoculalion. When tuo 
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strains are inoculated into the host simultaneously, they multiply in 
competition. 

Thung (1931) showed evidence that tobacco infected by the common 
strain of tobacco mosaic virus is protected against inoculation by the 
white strains Salaman (1933) protected potatoes infected by a strain 
of low virulence against the more virulent strains of the virus X. Re- 
cently, Kunkel (1952, 1955) has shown that the usual strain of aster 
yellows protects the plant not only against the California strain of the 
same virus, but also protects the insect vector Macrostclcs fasdfrons 
against the California strain, and vice versa. The virus of the aster yel- 
lows multiplies in the insect vector as well as in the plant. This similarity 
of protection of both plant and animal hosts permits an explanation of 
premumtion tliat can be accepted. 

1. Antibody Theory 

According to the antibody theory, the plant as well as the animal is 
able to produce immunizing diffusible substances neutralizing a virus 
This theory, which is open to questions in some areas, has, however, 
the advantage of explaining the strict specificity of premunity. Indeed, 
interference is produced only between strains of the same virus. This is 
the best evidence in favor of the presence of antibodies, provided by 
the curly top virus on tobacco (Wallace, 1944). 

Tlie curly top virus of sugar beet illustrates the degrees of interfer- 
ence possible. Protection beUveen different strains is nonexistent in beets. 
Inoculated into tobacco the virus produces an acute disease followed 
by a chronic phase. When a tobacco scion in the chronic phase is grafted 
onto a tomato, a less serious disease results If, instead of grafting, the 
insect vector is used to transmit the virus from tobacco to tomato, an 
acute disease is obtained. Supposedly, antibodies have moved with the 
virus in grafting. 

2. Thconj of Exhaustion of the Precursor of Virus 

Tlio metabolites necessary for the virus synthesis are completely 
utilized by the first strain, so that a new infection cannot succeed. When 
the virus is inoculated into a cell, it multiplies rapidly after a latent 
period, until .i certain concentration is attained, when all precursors are 
converted to viruses. Thereafter the rale of increase is drastically 
reduced. 

The contrary’ situation was found to exist by Bawden and Kassam's 
(19-15). A strain of the etch vims of low vinilence which with hut 
sliglit (xmccnlralion in llic plant at l>cst, protects against a vimlcnt 
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Strain, the concentration of which is usualJy much higher This type 
of protection obviously cannot be due to exhaustion of the precursor 

3 Theory of the Occupied Receivers 

To explain the phenomenon described above, Hutton and Bawden 
(1950) suggest that unrelated viruses increase on receivers or on specific 
increasing surfaces When a virus finds tliese receivers occupied by the 
first strain inoculated, they are incapable of duplication 

All the theories recognize that interference between strains of a 
virus IS due to competition Either the first stram laimches the attack 
on host organs, which will not permit a new inoculation, it exhausts the 
nutrient reserve of tlie cell, or it quickly occupies a space In all these 
suppositions no direct interaction exists from one virus strain to another 
strain. 


IX General CoNsioEiunONS 

This chapter has reviewed the many aspects of biological interfer- 
ence as It pertains to plant disease and its epidemiology The many soil 
organisms grow, compete with one another, act and interact in a highly 
complex system Pathogens tend to be restricted in their development 
through these interactions The resultmg biological equilibria result 
sometimes in complex diseases and sometimes in the suppression of 
pathogens The use of biological control measures to curb plant diseases 
has some promise, and exploitation of tius idei may some day be more 
effectively used m curbing plant pathogens 
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1. The Importance of Disease-Resistant Varieties 

The development of disease-resistant varieties of crop plants is of 
paramount importance in the improvement of agriculture, and tlie im- 
provement of agriculture is essential to meet the needs of tlie rapidly 
increasing human population of the world. We dare not be complacent 
about tlie fact that three fourths of the people in tlie world are now 
himgiy. Nor dare we ignore tlie fact tliat the population tlireatens to 
double witliin the next 40 years. How can wo feed 5 billion people in 

1 Paper No. 9S6, Miscellaneous Senes, Minnesota Agr. Expt. SCabon. 

2 The writers are indebted to Bill J. Roberts and Donald P. Taylor for help m 
prepanng certam sections of this paper. They arc indebted to Laura .M. Hanulfoii 
for help m the preparaUon of the bibliography and for various other hinils of 
assistance in tho preparation of the manuscripL 
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1998 when we cannot or do not adequately feed half that number in 
1958? It appears, in the present state of affairs, that the only hope is to 
increase greatly the efficiency of agricultural production The situation 
could be alleviated but not cured by better distribution of actual and 
potential production But better distribution depends more on politics 
than on science The total production of basic food and feed crops must 
be increased and must be insured against violent fluctuations if we are 
to face the future with confidence 

It is a sound basic assumption tliat the area of cultivated lands cannot 
be increased proportionately to the increase of population It follows, 
then, that the efficiency of production must be increased And it is also 
a sound assumption that plant diseases, in the broadest sense, constitute 
one of the most formidable obstacles to efficient and assured production 
Wheat, rice, maize, sorghums, millets, potatoes, and other basic food 
crops are subject to debilitating or devastatmg diseases caused by patho- 
gens And many of them are grown m large land areas where bad 
weather and bad pathogens can quickly destroy vast acreages of prom- 
ising crops The basic question, however, is how the crops can best be 
protected against the destructive factors of their physical and biotic 
environment 

Although there may not be general agreement that drought, heat, 
and cold cause diseases, there are good reasons for considering that 
they do There is no logical or traditional reason for excluding inanimate 
causes of diseases from the realm of plant pathology The general im- 
provement of many basic food and feed crops requires the incorporation 
of genes for drought resistance, heat resistance, and winter hardiness 
Even m areas where total annual rainfall usually is sufficient, drought 
or other unseasonable weather is likely to occur at critical times during 
the crop season The problem is world-wide, and world-wide effort is 
needed to find and combine plant genes to alleviate it And in that 
effort plant pathology must render its full measure of service 

Plant pathologists could not, even if they would, shed their share of 
tlie responsibility for breeding plants that better resist the violent ele- 
ments in their physical environment For there often is a dangerous 
alliance between debilitating pathogens and destructive weather Patho- 
gens may predispose plants to injury by bad weather, and bad weather 
may predispose them to injury by pathogens — even many of the milder 
ones Winter injury annually takes a heavy toll of bread grains m the 
temperate zones, where most of them are grown And it has long been 
known that pathogens may aggravate the injury due to winter weather 
and that winter weather may aggravate the injury caused by pathogens 
Tile average loss of 10 to 15!? of the seeded acreage of winter wheat in 
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the United States is too high a tax to pay. The recourse is to develop 
Varieties with combinations of genes that can defy the weather and the 
patliogens associated with it. The short life of alfalfa and other perennial 
Or biennial legumes m many areas is due to the combined and mutual 
effects of pathogens and winter weather. Indeed, the complexities of 
these and numerous other similar weakening and destructive combina- 
tions are so great as to defy precise assessment of the guilt of the numer- 
ous interacting factors of the physical and biotic environment. For this 
reason it sometimes is known what the breeding is for, but not exactly 
what it is against. There is need to develop plants that are well adjusted 
to their total environment, with ability to profit from the good and to 
protect against the bad It is generally assumed that unseasonable and 
unfavorable weather will reduce crop yields, in the very nature of things 
natural. But need it always be so, can man not prevail over his environ- 
ment? If man is to master his environment, he must develop plants that 
Can withstand the destructive elements within it; and, of course, tlie 
more he knows about these elements and their interactions among each 
other, the greater his chances of success The way may be long and hard, 
but the need is great. 

To preserve himself and his civilization, man must continually fight 
against tlie vast and variable world of microscopic organisms and ultra- 
microscopic viruses which continually menace his crop plants, his domes- 
tic animals, and himself. He has learned much about controlling tlie 
manifold diseases caused by myriads of pathogens. He has learned how 
to treat individual animals in order to prevent or cure many diseases, 
and has devised public healtli measures to reduce the need for individual 
treatment. He has been equally successful in devising ways for controll- 
ing diseases of many plants by means of protective chemicals. 

But the populations of some of the most basic food plants, such as 
wheat, rice, millets, and sorghums are relatively so vast that individual 
medication is difficult or virtually impossible. Tliere are about 170 mil- 
lion people and 185 million larger farm animals in the United States, 
but there are about 40 or 50 trillion wheat plants alone. To apply fungi- 
cidal chemicals several times a season to the enormous populations of 
grain and forage plants, even with the best modem machines, would be 
a prodigious and a prodigiously expensive operation, even if it Mere 
completely effective. 

It is not only the enormous populations of many kinds of crop plants 
but also tlie enormous amount of wind-homo inoculum of some patli- 
ogens that have thus far limited the feasibility of controlling some 
destructive diseases by spraying or dusting. The cereal rusts. Iicad blights 
of wheat rice, and other cereals, the Uclminthosporium Ic.if and head 
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blights of cereal grains, and numerous leaf spots of forages certainly 
could not be controlled economically on large acreages by methods and 
materials now available. This is not an assertion that feasible meUiods 
will never be devised, but merely that tliey have not yet been devised. 
There are inherent difficulties, because of the nature of tlie crop plants 
and of the pathogens, in controlling many diseases which can quickly 
become epidemic over vast areas where there is heavy concentration 
of susceptible hosts. There are other groups of diseases which, by their 
nature, also are very difficult to control by methods available to indi- 
vidual growers. 

It would be extremely difficult or impracticable for individual farmers 
to control many diseases caused by pathogens that multiply or persist 
in the soil. Conspicuous among them are flax wilt, cabbage yellows, 
tomato wilt, the wilt or Panama disease of bananas, all caused by soil- 
inhabiting species or varieties of Fusarium. Although the host range of 
such pathogens is relatively restricted, crop rotation and other cultural 
methods have not been sufficiently effective, and chemical treatment of 
soil on large acreages has been either impracticable or impossible. This 
is true also of certain bacterial diseases, such as bacterial wilts of alfalfa. 
The problem is inherently even more difficult with soil-inhabiting patho- 
gens that have a wide host range, such as Rhizoctonia solani, PhymatO’ 
trichum omnivorum, and Pythium spp. These fungi are so universally 
and abundantly present in the soils of many extensive agricultural areas 
and they can cause debilitating or destructive root rots or basal stem 
rots on so many kinds of plants as to defy conventional control measures. 
Some soil-infesting nematodes, such as root knot nematodes, cyst nema- 
todes, meadow nematodes, and stem and bulb nematodes, are long per- 
sistent in the soib and many of them altadc severid kinds of crops that 
are grown on extensive acreages. Accordingly, crop rotation is not effec- 
tive and soil treatment with chemicals is not economically feasible. 

Many viruses, such as those causing western wheat mosaic in the 
United States and Canada, com streak and stunt, sugarcane mosaic, 
curly top of sugar beets, oja blanca of rice, and numerous others are 
not easily amenable to control by artificial means. Virus diseases are 
among the most insidious and destructive of all diseases and, along 
with nematodes, were relatively neglected until rather recently. The 
over-all importance of these two groups of pathogens is just beginning 
to be appreciated, and each year new ones are being incriminated as 
agents of disorders tliat were previously unobserved or attributed to 
unthriftiness due to unknown causes. 

It would be interesting, and possibly profitable, to catalogue diseases 
on the basis of amenability to control by artificial methods. Tlicrc would. 
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of course, be a number of groups with mtergradations between tliem 
Some can be controlled m most areas by a single, relatively simple and 
inevpensive operation, others require many repetitive and relatively 
expensive operations of a single hind, still others can be controlled only 
by combining several operations of different kmds, and, unfortunately, 
too many still defy any combmed attack that has yet been made upon 
them Bunt of wheat — except in areas wliere it persists in the soil— and 
certain similar smuts are in tlie first category Late blight of potato, the 
sigatoka disease of banana, and many fruit diseases aie in the second 
In certain Andean countries potatoes must be sprayed at least 8 times 
to control late blight In some of the principal banana grovvmg areas of 
tropical America bananas must be sprayed 10 to 13 times, and complete 
control of sigatoka is not always assured even then, although the applica- 
tion of oil from helicopters is an improvement over methods previously 
used The control of many viruses that are carried mside of propagative 
parts of plants, such as tubers and bulbs, requires a multiple method 
control program Finally, many of the most destructive diseases cannot 
be controlled at all by any feasible combination of methods 

It IS unfortunate but true that many of the most destructive diseases 
of basic food crops are not now controlled, that the control of many 
others is very expensive, and that all artificial control measures add 
sometliing to the cost of production Plant disease control has become a 
highly techmeal art, based on intensive research and extensive experi- 
mentation The improvement of fungicides during the past four decades 
is an epic scientific achievement, and researches would be worth con- 
tinuing on a greatly expanded scale for the sake of their scientific mterest 
alone, even if there were not such urgent practical need for them From 
the scientific standpomt it would be unfortunate if tliere were no plant 
diseases to control From the standpoint of human progress, on the other 
hand, it would be an inestimable blessing if there were no need to 
control them And, of course, that is exactly what breeding for disease 
resistance aims to do, it aims to produce varieties of plants tint resist 
diseases so well tliat growers may be relieved of the work of controlling 
them 

There can scarcely be any question that the ideal way of controlling 
all plant diseases would be by means of permanently and universally 
resistant varieties The real question, however, is one of feasibility, not 
of desu-abihty It has not been possible to control many diseases, at 
least thus far by resistant varieties Nor has it been possible to control 
some of the most destructive ones by any other method or combination 
of methods In the long run several alternative metliods miy be devcl- 
oped for controlling some diseases that ha^c heretofore been refractory. 
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and it may be expected that the dicapcst and most effective will be 
chosen. The need is to develop them. Partisanship and dogmatism will 
not satisfy the need, experimentation and research may. 

Breeding for resistance is important because plant diseases still are 
one of the greatest menaces to man's food supplies; and the more tlic 
crop plants themselves can ward off the menace, the less work and worry 
man will have in doing it. Every increment of disease resistance that 
man can incorporate into plants of economic importance is a contribu- 
tion to increasing and assuring his food supplies. IIow resistant can the 
most important crops become? Future prospects can be based partly 
on past experience. 

II History of Attempts to Produce Resistant Varieties 
A. Prior to 1900 

Records of conscious and systematic attempts to obtain disease- 
resistant varieties of crop plants prior to 1900 are meager. That differ- 
ences in varietal resistance were observed in ancient Greece and Rome 
is clear from the records of Theophrastus and of various Roman writers 
on agriculture. It is not clear, liowever, how much use was made of the 
information. Varro, in his “Rerum Rusticarum,” published shortly before 
the birth of Christ, recommended that wheat should not be grown on 
land subject to fogs, very probably because of the danger of rust. But 
he merely recommended that other kinds of crops, such as rape, turnips, 
millet, and panic grass be grown on such lands; there is no substantial 
evidence that conscious effort was made to utilize resistant varieties 
within one kind of crop. That different varieties were recommended for 
different areas and for different purposes is clear, but evidence regard- 
ing disease-resistant varieties is somewhat fragmentary. 

It is unfortunate that systematic and adequate records of the selec- 
tion of resistant varieties are not available, because it is certain that 
many diseases were destructive through the centuries and it is probable 
that the most susceptible varieties were discarded when more resistant 
ones became available. Knowledge regarding the past could improve 
perspective regarding the present and future. As perspective cannot well 
be based on ignorance of the remote past, however, it must be derived 
from knowledge of the recent past, including only a short half century. 

B. Since 1900 

The history of attempts to produce resistant varieties since about 
1900 is fairly clear. As the principal value of past history is in its lessons 
for the present and future, a limited number of diseases have been 
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selected for discussion because of what they teach Many others could 
have been selected, and to onut them for lack of space is not to dis 
parage eitlier the diseases or those who studied them 

It was perhaps natural that early reliance should have been placed 
on introduction and selection as a means of obtaining resistant varieties 
When the early work was started, Mendehsm” was just being redis- 
covered, and the Darwinian principles of variation and natural selection 
and — in some cases — the inheritance of acquired characters still tended 
to dominate the dunking of the pioneer breeders of resistant varieties 
Carleton was among the pioneers who introduced vaneties for die 
definite purpose of finding those best adapted to the total environment 
(Clark, 1936) Immigrant farmers had, of course, already brought varie- 
ties of wheat and other crops from their various homelands, and some 
of the vaneties had proved their value But this type of introduction 
vvas mcidental rather than specifically purposeful Having repeatedly 
seen the tragic effects of heat, drought, winter injury, and stem rust 
on the plains of Kansas, Carleton reasoned that natural selection, aided 
perhaps by man, must have produced resistant varieties m older wheat 
growing areas where the agroclimate was similar to that in Kansas and 
similar areas He therefore mtroduced Crimean wmter wheats and 
durums from Russia, and arranged to have them tested widely in tlie 
United States And finally the hard red winter Crimean or Turkish types 
largely supplanted the softer Mediterranean types and reduced tlio 
danger of damage by severe weatlier and by rust TJie durums, too, 
finally found their place and reduced the hazards of weather and rust 
at certain times and m certain places Neither group of wheats solved 
the problems completely but they did allevnte tliem, and they furnished 
many genes for further improvement of varieties 

Plant mtroduction is, of course, one of the oldest methods of crop 
improvement, but man took a long time in learning that benefits had 
to be weighed against dangers For all loo often ho discovered that he 
had imported unseen or unknown pests and pathogens with his intro- 
ductions As breeding for resistance vvas undertaken by increasing num- 
bers of scientists m many different countries, the exchange of varieties 
has increased until it is now a common international practice Eventually 
It may be possible to assemble m each country genes for resistance from 
all countries But it is necessary to take precautions against importing 
genes for susceptibility to certain diseases along willi those for resist- 
ance to others And, above all, it is essential to avoid importing entirely 
new pests and pathogens or new r iccs of old p ilhogcns 

Introduction, as a method of plant breeding m tlic broadir stnsc. 
may alone result m controlling diseases m sunilar ccologic zoms Tims 
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the stem rust-resistant Thatcher wheat was mtroduced into western 
Canada from the United States in 1935 and proved so suitable in the 
prairie provmces that it was grown on upwards of 10 million acres until 
replaced recently to a considerable extent by the Canadian-bred Selkirk 
In 1953 Selkirk was imported in quantity into the United States from 
Canada and by 1958 it had become the predominant hard red spring 
variety in both countries This reciprocity is possible, of course, because 
of the similarity of ecologio conditions m the northern and western 
prairies and plams m the two countries and of similarity in standards of 
quality There has been similar exchange of wheat varieties resistant to 
yellow rust in certain countries of western Europe But the direct utiliza- 
tion of introduced matenals has not always been possible 

In many of the major breedmg programs introduction has been fol- 
lowed by selection or hybridization, because many varieties with desired 
genes for resistance did not have the required genes for ecological adap- 
tatmn or for special market quality 

Selection of resistant Imes withm commercial varieties or within 
populations of certain species has been highly successful in some cases 
and not in others It is, of course, obvious that at least fout conditions 
must be fulfilled i! selection alone is to produce a desirable variety 
(1) There must be resistant lines or biotypes within the plant popula- 
tions, (2) There must be rebable methods for identifymg the resistant 
mdividuals, (3) There must be suitable methods for propagating re 
sistant lines, and (4) The lines selected must have the other characters 
of a good variety It follows, therefore, that a prerequisite m selection 
IS abundant development of the diseases m question in order to make 
It possible to distmguish between resistance and disease escape These 
conditions were fulfilled m connection with some of the early successes 
m sclectmg resistant varieties, notably against cotton wilt, flax wilt, 
tomato wilt, and cabbage yellows, all of which are caused by species of 
rusartum 

Tlio cotton wilt caused by Fusanum oxysporum f vasinfectutn be- 
came so destructive xn some of llie cotton growmg areas of the south- 
eastern United States sliorlly before 1900 as to tlu-ealcn the future of 
the crop Orton (1900) observed that some plants survived on very 
heavily infested soil, selected tlicm, and planted tlie seed on heavily 
infested soil tile next >car By continued selection and planting on 
infested soil, he succeeded m obtaining lines of Sea Island and Upland 
t\pcs tliat yielded well on tlie most heavily infested soils, where non- 
sc-lcctcd varieties wero very severely injured This was pioneer work, 
and some of the pioneers naturally but premiturely concluded lint it 
would 1x5 easy to soUc other pathological problems by similar methods 
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Experience witli flax wflt, hoxvever, soon indicated that it might be 
easier to obtain resistant lines than to maintain tliem 

Flax long had the reputation of bemg ‘hard on the soil’ because 
yields tended to decrease sharply with successive cropping It tJierefore 
became a migratory crop in the United States, movmg continually west 
ward to new lands In 1901 Bolley proved that the trouble was due to a 
Fusanum, which he named F Urn but which now has the more impres- 
sive name F oxysporum f Imt, and not to a deleterious effect of flax 
Itself on the soil Unknown to Bolley, Hiratsuka (1896, 1903) in Japan 
had come to a similar conclusion in 1896 

By selectmg plants tliat survived m flax sick soil and following essen- 
tially the same methods as Orton had used with cotton, Bohey succeeded 
m developing highly wilt-resistant varieties of flax in North Dakota, but 
they did not always remain resistant, they succumbed to wilt at certain 
times and m certain places Naturally, this provoked two questions why 
Was the behavior variable, and what could be done about it? At that 
time there still was some belief m the inheritance of acquired char- 
acters, hence it was postulated that the resistant varieties had acquired 
resistance by association with the pathogens m the wilt infested breed- 
ing plots and had lost it when grown m noninfested soil But this did not 
seem completely plausible to some investigators who had made careful 
studies while usmg Bolley’s methods m producing resistant varieties 
Three important facts had to be discovered to explam the situation 
(I) Tisdale (1917) showed that the amount of wilt tliat developed in 
resistant and susceptible lines varied witli temperatures, (2) Barker 
(1923) proved that resistance and susceptibility were due to genetic 
factors which permitted considerable phenotypic variability but that 
resistance was neither acquired nor lost and tliat genes for wilt resistance 
could be combmed with genes for otlier desu-ablc cliaracters, and (3) 
Broadfoot (1926) demonstrated that tlic wilt patliogen comprised pliysio- 
logic races, thus explaming the apparent loss of resistance in some 
variebes and furnishing a basis for future procedures 

Flax wilt has been controlled m the United States for almost a half 
century by means of resistant varieties, but it has required continuous 
effort Because of the existence of many phj siologic races of the pathogen 
and because of variability in seventy of wilt at different Icmperatiires, 

It became necessary to devise ways of testmg varietal populations agimst 
an adequate sample of races of the pathogen under conditions of max- 
imum disease development Tlic first requisite has been nitl in the 
United States, principally by screening varieties and breeding maIcnaJs 
m permanent vwlt plots at the Nordi Dakota and the \Iinu«ofa Agri- 
cultural Experiment stations The Minnesota plot uas established m 
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1912 and, from the btginnmg was iiioculattd m various wa>s with infec- 
tive materials from different sources— wit!i the purpose of providing an 
adequate sample of the pathogen, whatever that might prove to be. 
Subsequent to the discovery of physiologic races, attempt has been made 
to moculate the plot with ail known races Although tcmper.ilure cannot 
be controlled, seed is planted late in the spring to insure .is nearly as 
possible a sufficiently bigh soil tempcr.ilure for a good test Fortunately 
for the purpose, the wilt organism is very persistent m the soil, it main- 
tains Itself during winter, survives other unfavorable conditions, and is 
little affected by antibiotic organisms, as shown by Anwar (1919) It is 
not necessary, therefore, to reinoculale the soil every year, which is 
necessary with certain other pathogens 

Tomatoes resistant to Fusarmm oxysporum f Ujcopcrsici were pro- 
duced by selection more or less contemporaneously with the pioneer 
efforts already described Edgerton and Moreland (1920) found that 
progress was most rapid and assured when selections were made in 
disinfested soil inoculated with the wilt organism only This appeared 
to be the surest way of elimmatmg from the population all except the 
most resistant individuals Physiologic races of the pathogen were sub- 
sequently demonstrated by Wellman and Blaisdcll (1940, 1941), thus 
introducing another complication in the development and maintenance 
of resistant varieties 

Another conspicuous success story is the use of selection m the devel- 
opment of cabbage resistant to yellows, caused by Fusanum oxysporum 
£ conglutinans Scientifically, two facts are especially noteworthy (1) 
There are two types of resistance, one thermolabile and the other thermo- 
stable, (2) Physiologic races of the pathogen liave not yet been found 
The methods in obtaining resistant individuals were similar to those for 
cotton wilt and flax wilt, with one variation to obtain adequate seed it 
was necessary to cross resistant individuals Tlie first resistant variety, 
Wisconsin Hollander, was released by Jones and associates in 1916, fol- 
lowed several years later by other varieties (Jones et al , 1920) These 
varieties were less resistant at high temperature tlian at low, the resist- 
ance was governed by multiple quantitative genetic factors (type B) 
But plants were found with a thermostable (type A) kind of resistance 
that IS governed by a single dominant gene and is effective at all temper- 
atures By growing populations at soil temperature of about 24° C , 
plants of type B are eliminated, thus leaving those with the more 
desirable type A kind of resistance (Walker and Smith, 1930) This 
genetic analysis not only clarified understanding and pointed the way 
to a better control of yellows but also helped to establish an important 
prmciple with respect to vanabihty m disease development 
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Although selection for resistance to those fusarial wilt diseases dis- 
cussed is important because important facts and principles were derived 
during attempts to control them, selection has been very valuable with 
many other lands of economic plants, both wild and cultivated Many 
wild plants, such as grasses and legumes, comprise biotypes with differ- 
ent degrees of resistance to various diseases, and resistant lines have 
been selected from many of them. Moreover, some very useful materials 
have been selected from well-known varieties of crop plants. In some 
Cases the varieties obviously comprised different morphologic types, but 
in other cases they did not. Selection has been successful with a wide 
range of plants against many kinds of diseases TJiere are ^vlde differ- 
ences in degree of resistance of Poa pratensis to stripe smut, Ustilago 
striiformis of Dactijlis glomerata to Puccinta glumarutn, and of tunothy 
to Puccinia graminis. Many years ago Bain and Essary (1906) selected 
lines of red clover that were highly resistant to Colleiotrichum irifolU, 
and in ordinary fields of this crop there are individuals that differ decid- 
edly in resistance to powdery mildew, caused by Erysiphc poUjgonl 
Several wheats with some resistance to stem rust liave been selected, 
among them, Kanred, Kota, and Webster, all of whicli are important 
in the history of attempts to control stem rust by means of resistant 
varieties. According to Coons (1953), the sugar beet industry in irrigated 
regions of the western United States was saved by selecting for resist- 
ance to the virus curly top. Generally speaking, plant populations, al- 
tliough often relatively homogeneous for most visually observable 
characters, are quite heterogeneous with respect to disease resistance. 

The early successes with selection led many plant scientists to believe 
that the method might be universally applicable. But this proved not to 
he true; consequently it was necessary to resort to hybridization. It 
would be neither desirable nor feasible to give a complete record of the 
accomplishments and disappointments in breeding for resistance. It is 
important, however, not only to know certain principles but also to Inow 
something about their derivation. Much still remains to be learned about 
breeding for disease resistance, and past experience should furnish some 
guides for tlie future. Fairer, in Australia (CimpbcII, 1912), was among 
tliG early pioneers in breeding for disease resistance; he succeeded in 
developing bunt-resistant varieties of wheat. Among the most instruc- 
tive early attempts to develop resistant varieties by hybridir-ition were 
tliose of Orton (1900, 1909), and of Biffcn (1907, 1912, 1931). 

In an attempt to obtain watermelons resistant to wdt. caused by 
Fusarium oxysponun f. niceum, Orton crossed the susceptible \v.iter- 
mclon with the resistant slockmclon or citron. TIic hybrid h.id the resist- 
ance of the citron but also its undcsirahle t.aste. It was therehue crovstxl 
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back to the watermelon, and lines were obtained that combined edibility 
with resistance. This was m reality an early use of the backcross method, 
which has become extremely useful when it is desired to retain many 
characters m a variety while incorporating disease resistance or some 
other desired character. 

Biffen in England made two very important contributions: he pro- 
duced good wheat varieties witli resistance to PucdnUi glumuruin, and he 
demonstrated the mode of inheritance of factors for resistance. He 
showed that resistance in crosses between American club wheat (resist- 
ant) and Michigan bronze (susceptible) was inherited as a simple 
Mendelian recessive, independently of factors for other characters. 

The results obtained by Orton and Biffen generated great optimism 
with respect to controlling diseases by breeding. Selection had proved 
effective in many cases, and desired characters from several varieties 
could be combined easily into a single variety by hybridization. Some 
scientists were skeptical about tire universal applicability of the prin- 
ciples derived from these pioneer investigations. After all, there are 
hundreds of kinds of crop plants, some of them comprising thousands 
of varieties, and there are thousands of different kinds of pathogens. 
Two questions arose quite naturally: (1) Was selection universally use- 
ful? (2) Was inheritance of factors for disease resistance always simple 
and independent of other characters? Orton, Biffen, and others soon 
encountered some more complex situations, and it soon appeared that 
situations could be much more complex than had been anticipated by 
the most skeptical. 

Stem rust of wheat, Puccinia graminis var. tritici, long has been a 
scourge in most of the extensive wheat-growing areas of the world. Some 
attempts to control it by resistant varieties antedate 1900, but they were 
mostly incidental to programs of general wheat improvement. The his- 
tory of breeding for stem-rust resistance in North America is especially 
illuminating because of the extent of the wheat-growing area, the scale 
on which the work was done, the large number of pathologists and 
breeders involved, and the fact that the work has contmued and con- 
tinually expanded during half a century of time. The North American 
program probably is the longest extensive program of its kind, and for 
this reason it merits evaluation. 

Tlio^ United States Department of Agriculture initiated the program 
in 1905 after a destructive stem-rust epidemic in 1904. The need for 
resistant bread wheat was especially urgent in the spring wheat region 
of the Dakotas and Minnesota, where stem rust usually was most 
destructive, and in the winter wheat region centered in Kans.is. The 
present discussion is restricted largely to spring xvheat, as most of the 
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important principles can be derived from it, although much Iiistory was 
made elsewhere also. In this program, as in any such program, the first 
need was to locate sources of resistance. As none were found for some 
time in the bread wheat group, Triticum vulgare, it was apparently 
necessary to make crosses with resistant varieties of otlier species, sucii 
as T. tnonococcum, einkomj T. dicoccum, emmer; T. turgidum, poulard 
wheats; and T. durutn^ the durums or macaroni wheats. An extensive 
series of crosses were therefore made. 

It became apparent by 1910 that the development of good, stem-rust 
bread wheats from tlie interspecific crosses might not be easy, and the 
supposition was amply confirmed as the complexities of the problem 
were revealed during the following decades. Some obstacles proved to 
be less formidable than they appeared at given times; others proved 
more formidable. Viewpoints therefore changed with experience, and 
principles had to be modified as additional e.vperience was obtained. 

The barriers to progress in developing good wheat varieties uni- 
versally resistant to stem rust arc of the same kind as those encountered 
with certain otlier cereal rusts and with some otlier diseases. In the 
United States and Canada quality is a prime requisite in the hard-red 
spring wheats, since milling and baking standards arc very exacting. 
This obviously has been a basic barrier to control of stem rust. In addi- 
tion the following facts are important; 

(1) Resistant lines of desirable vutgare wheats wore not found dur- 
ing die first decade of the program; hence, crosses ivoro made bctu’ccn 
susceptible vtdgarc varieties and resistant varieties from certain ctlicr 
species groups. 

(2) Tliere was a high degree of sterility in many of the intcrspccies 
crosses, but a number of vtdgarc X durum crosses «’cfc obfarned. 

(3) Undesirable linkages were encountered in some cases. 

a. There appeared to be complete linkage between f.ictors for rust 
resistance and for durum type in the early bread wheat X durum crosses. 

Tile linkage, however, was finally broken when large populations were 
grown. 

b. There is linkage between factors for rust resistance and for 
susceptibility to certain other diseases in some crosses, such as resistance 
to stem rust and susceptibility to Iractcrial black chaff in crosses involsing 

Hope. . , 

c. There is linkage in some cases between factors for nist rcsistantv 
and undesirable moiphologic characters, such as weak peduncles. 

(4) Physiologic races of Piiccinia gramiiiis var. triJici were found in 
1910 (Stabnan and Picineiscl. 1917), and it has suhuvjucntly leen 
shouai that this variety comprives .m indefinite nurnlKT of phcnotyplcaliy 
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variable biotypes, with extensive genetic variation within the variety. 
In most areas wheat is therefore exposed to large and shifting popula- 
tions of rust races. 

(5) Resistance may be either stable or unstable. For a number of 
years there was no evidence that varietal resistance could be “broken 
down” by environmental factors. It was found later, however, Uiat certain 
wheat varieties may be highly resistant to certain physiologic races at 
moderate temperatures and completely susceptible at high temperatures. 

(6) No combinations of cliaracters have been found that protect 
wheat completely against all known races of rust under all environ- 
mental conditions. 

Despite difficulties, many desirable bread wheat varieties resistant 
to stem rust and to some other diseases have been produced. Unfortu- 
nately, however, these varieties have been resistant only at certain 
times and in certain places. Thus far new rust races have ruined one 
variety after another. Nevertheless progress has most certainly been 
made, even though the problem has not been solved. 

Several varieties of Triticum spp. played so important a part up to 
1950 that they require a brief statement in the varietal “Wlio's Who” 
in the breeding programs. 

Marquis. Produced in Canada, and rapidly assumed first rank among 
spring bread wheats shortly after 1910. It represented the acme of qual- 
ity, was relatively early in maturity, relatively resistant to smuts and 
orange leaf rust, but very susceptible to fusarial head blight and to 
stem rust. 

lumillo. A durum variety with higli resistance to stem rust, ap- 
peared to have “generalized,” “mature,” or “adult-plant” resistance. 

Kanred. A hard-red winter wheat selected at the Kansas Experiment 
Station from Turkey Red and distributed about 1917 when it appeared 
to be immune to stem rust. It soon became apparent, however, that 
altliough immune from some rust races, it was completely susceptible 
to others. 

Kota. A bread wheat, originally imported by Bolley from Russia; 
became mixed with seed lots of durum, and was selected by Clark and 
Waldron because it produced plump seeds in the epidemic of 1916. 

Webster. A poor bread wheat, but it appeared to have “mature plant 
resistance” to stem rust; selected by McFadden in South Dakota. 

Hope and H~44. Produced by McFadden (1930) as the result of 
a wide cross, Marquis X Yaroslav emmer. Although not satisfactory 
bread wheats, Hope and H-44 appeared to be almost immune from stem 
rust, with a high degree of adult-plant resistance. They were susceptible 
to the bacterial black chaff, caused by Xanlhomonas transhiccns, and to 
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melanosis, but these appeared to be minor defects, and for several 
years Hope seemed to justify its name so fully that it and its sister line 
H-44 were widely used as parents m crosses. 

Marquis was very popular for a number of years because of its 
quality, early maturity, and apparent resistance to rusts. It proved to 
be far more subject to fusarial head blight, however, than tile varieties 
which it supplanted Moreover, it was so severely injured in tile temflc 
stem rust epidemic of 1916 that it and otlier bread ^vlieats were sup* 
planted by durums m large areas of the Dakotas and Minnesota. But in 
1923 race 11 and certain others attacked the previously resistant durums 
heavily. As resistant bread wheats were then made or in the making, 
however, it appeared that the defection of the durums was not loo 
serious. 

Kota resisted stem rust so well m the field tiiaf the acreage increased 
rapidly — and seed was in such demand that it was sold for as much as 
$8.00 a bushel, 3 or 4 times the price of ordinary wheat But weak straw, 
orange leaf rust, the smuts, and finally stem rust soon put an end to its 
career. Marquillo (Marquis X lumillo) tlien had its trial, but it could 
not meet the standard of quality. In 1926, however, Ceres (Marquis X 
Kota), produced at the Nortli Dakota station, was ready to fill the 
breach. This it did with real distmction until 1935, when race 56, first 
found in 1928, devastated millions of acres so thoroughly as to presage 
tlie end of Ceres, It seemed incredible but it was true; Ceres was no 
longer rust-proof. But almost equally incredible w.as tlie performance of 
Thatcher, a new variety that remained uninjured in the midst of general 
destruction in 1935. 

Thatcher, produced cooperatively by the Minnesota Station’ and 
the United States Department of AgrJcultvrc {JLiycs ct al, IfXiG), yyas 
first distributed in 1934, a non-nist, drought year. So strong liad been 
the faith in Ceres that there had been reluctance to cliangc to a new 
variety, and there were only occasional fields of Thatcher in 1935; but 
these remained unsc-afhed in one of the uorst epidemics on record. 
Thatcher actually did ha\e more resistance than any of its predecessors. 

It resulted from a double cross: f(MarquisX lumillo) X (.Marquis X 
Konred)]. Each parental variety had cxintnhiited genes for resistance 
to certain physiologic races, and lumillo had. in addition, contnbuted 
some genes for aduft-pfant resistance. But Tliafchcr «as exitvmcly stts* 

aRrccdmg for disease rtsutance ta CcM ha* toatf t^a an aarniejvart- 

n)tnf.al coopenluc program at .Mmncsolj. Tlur major o^iKTalmn lu» Urn 
llie Department of Agmaomy amt Plant Gcnrhct amt lU Deportment of I Lmt 
Pat}joIog>' and Botany, but tl»<* Dtiurtincnt of Agfltullural IluKlKmurtry- Us ti>- 
oiKratiil cJom.K «brn stndu* of <pufit>- ucjc 
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ceptible to orange leaf rust and to fusarial head blight or scab Never- 
theless it withstood the epidemic of 1937 so well ( while Ceres and other 
varieties were again ravaged) that a Thatcher era began But it soon 
had competition, for breeders m Canada (Peterson, 1958) and the 
United States were utilizing Hope and H-44 in many crosses in the hope 
of producing varieties without Thatcher's defects 

The Hope era began about 1940 Thatcher itself was crossed with 
Hope (Marquis X Yaroslav emmer), and several backcrosses, with 
Thatcher as the recurrent parent, were bulked to make the variety 
Newthatch, which therefore had genes from Marquis, Kanred, lumillo 
durum, and Yaroslav emmer ( Ausemus et al , 1944) Many varieties with 
the Hope type resistance were produced Rival, Regent, Renown, Pilot, 
Mida, and Newthatch Again the stem rust problem m spring wheat 
seemed to have been solved And it was — until 1950 

From 1938 to 1950 stem rust was a negligible factor in sprmg wheat 
production m the United States and Canada It appeared, superficially 
at least, that combmations of genes for resistance to individual rust races 
and for adult plant resistance were sufficient protection Moreover, a 
combmation of barberry eradication and resistant varieties had reduced 
the number of prevalent races to only four, 17, 19, 38, and 56, which 
consistently constituted 90% or more of the inoculum each year during 
this period 

New durums, too, had been produced m North Dakota by crossing 
Mindum with Vernal emmer and baekcrossing to Mmdum (Smith, 1943) 
Tlicsc varieties, Stewart and Carleton, resisted rust from 1913 until 
1950 It looked as if the long war of attrition against stem rust had been 
successful, for Uio breeding program had mereased the resistance poten- 
tial of wheats, which m their turn — with aid from barberry eradication — 
Ind reduced the virulence potential of rust In addition, tlie development 
of resistant varieties m Mexico (Borlaug et al, 1949) had reduced the 
danger of inoculum from tbit counlr>' But in nature’s history a dozen 
> c ITS can be too short a span of Umc It was in tins case 

Race 15B exploded m 1950 and blew up the status quo It had, of 
course, been recognized since 1939 that this might some day happen, 
but there had been no indications that even so virulent a race as 15B 
would spread over most of Nortli America in a single >eir. Following 
Us first kmown appearance in the United States on barberry in central 
Iowa in 1939, race 15B was found only occasionally and m small quan- 
tity in barberry arc is of cistern states AUtinpls were made to develop 
resistant varieties for use in case of need, but the need came before 
the varieties were ready In 1950 it bccime evident that tlic hitherto 
risutam diiniiiix Ind no protection agiinst this ncc and lint tlie bread 
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wheats, too, could be destroyed The terriflc epidemics of 1953 and 
1954 confirmed the evidence 

Certain Kenya wlieats of unknown pedigree and unsatisfactory qual- 
ity seemed to be most promising as sources of resistance Crosses, there- 
fore, were made with good bread wheats It soon became apparent, 
however, that some of them were resistant at moderate temperature and 
susceptible at higher temperature Some also proved to be susceptible 
to race 139, long knoivn as interesting but unimportant because of appar- 
ent lack of aggressiveness and virulence Moreover, certain wmter 
wheats, such as Bowie and Travis, produced by McFadden for resistance 
to 15B, soon were attacked by race 29, which has mcreased sharply m 
prevalence m Mexico and northward within the past few years To 
complicate tlie situation still more, race 15B itself comprises many 
biotypes, and exactly what they are, where they are, and what they can 
do IS not yet completely known The future is again uncertain 

And so the fight agamst stem rust goes on Selkirk (Peterson, 1958), 
produced in Canada, has helped keep the disease in check in the great 
sprmg wheat region of that country and the United States for the past 
three years It is susceptible to some races under some conditions, how- 
ever, and has been severely damaged in experimental plots where 
weather was warm and humid, the conditions under which protection 
is most needed How long it will last, nobody knows In Mexico, where 
quality is not so important, progress has been made in thwarting 15B, 
but other races still threaten 

The hopes (which periodically soared very high) of controlling wheat 
stem rust have not been completely realized Results have not matched 
expectations And yet, much progress has been made Sprmg wheat was 
protected in 20 years of 50 since the breeding program got under way 
and in 20 of 40 since it began to take effect Some pessimists branded 
the program as a failure when rust destroyed 75% of the durum and 
close to 30% of the bread wheat m the Dakotas and Minnesota, with large 
losses m Canada also, in the epidemics of 1953 and 1954 But when the 
present situation is measured against the standard of 1904 — and not 
against the standard of perfection — there is some reason for tempering 
disappomtment with some degree of satisfaction The following quota- 
tion tells why “Race 15B almost annihilated the durum crops m 1953 
and 1954, and what durum there was in 2954 was very light and 
shrunken The bread wlieats of 1904 would have suffered the same fate 
as the durums of 1954 The bread wheats of today can also be destroyed, 
but not so easily as those of 50 years ago It takes more rust, more lime, 
and more favourable rust iveather to destroy them There has been a 
net gam even though it is not enough to msure agamst destruebon when 
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weather and other factors favour early and intense epidemics” (Stak- 
man, 1955). 

The problems in breeding for resistance to other cereal rusts have 
been of the same general nature as those in connection with wheat stem 
rust. An outstanding example is the history of attempts to control the 
rusts of oats and other major diseases of this crop in the United States 
and Canada. The time span is almost the same as that for wheat and 
the same general reasons could be given for selecting the United States 
and Canadian breeding programs as illustrative of the kinds of lessons 
that they taught. 

The major diseases of oats in the United States and Canada during 
the decade 1910 to 1920 were stem rust, Puccinia graminis van avenae; 
crown rust, P. coronata var. aocme; loose smut, Ustilago avenue; and 
covered smut, U kolleri. Although other diseases were known, they 
seemed to be of minor importance, and effort was therefore concentrated 
primarily on rust resistance and secondarily on smut resistance, for the 
obvious reasons that there were no practicable methods for controlling 
the former and the latter could be controlled by seed treatment. It is not 
necessary to give all of the historical data, interesting and significant as 
they are, in order to illustrate principles and procedures. Nevertheless 
it is important to know the major phases in the progress of the breeding 
programs as a basis for perspective. 

In the earlier phases of breeding oats for disease resistance, the 
sources of resistance seemed adequate and the problem of combining 
them did not seem especially difficult. Reliance was placed particularly 
on the following varieties; 

For resistance to stem rust: Wliite Russian ( — White Tartar) and 
Richland. 

For resistance to crown rust: Bond and Victoria. 

For resistance to smuts: Bond and Black Mesdag. 

At Minnesota progress was made by the following series of crosses. 
The disease reactions are, of course, at the time the varieties were 
released. 

1. Victory X Wliite Russian = Anthony, resistant to stem rust but 
susceptible to crown rust and smuts. 

2. Bond X Anthony = Bonda, resistant to stem rust, crown rust, and 
some races of smuts. 

3. (Minota X White Russian) X (Bond X Black Mesdag) = Mindo, 
highly resistant to the rusts and the smuts. 

In cooperation between the Iowa Agricultural Experiment Station 
and the United States Department of Agriculture remarkable progress 
was made by crossing Victoria and Richland. Tlio resulting varieties 
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(Boone, Tama, and others) seemed to have solved the major disease 
problems m oats, and were satisfactory m so many other respects also 
that they soon became tremendously popular But trouble was ahead, 
not only for tlie Victoria X Richland derivative but also for tliose de 
rived from Bond X White Russian 

Prior to 1943 the only races of oats stem rust tliat were sufficiently 
prevalent m the United States and Canada to be important were races 
2 and 5 neither of which could attack varieties witli the White Russian 
or the Richland type of resistance It was known, however, that botli 
of these varieties were susceptible to certain races which ivere found 
only occasionally and m small quantities, especially races 6, 7, 8, and 
closely related ones It was merely a question as to whether one or more 
of these races might become prevalent enough to endanger the resistant 
varieties 

The first mdication tliat one of the nonprevalent races might become 
dangerous was in 1939 when race S and the closely related race 10 
together comprised 1 5% of 251 isolates identified m tlie United States, 
wlule races 2 and 5 together still compnsed about 97% During liie nc\t 
4 years the percentages for 8 and 10 combined were 62, 19, 2.1, and 
20 2, respectively, for 2 and 5 combmed they were 93, Oil, 979, and 
79 1, respectively In 1943 tlien, races 8 and 10 comprised slightly more 
than 20^ of 421 isolates identified, and were found m 1 1 states of the 
United States (Stakman and Loegermg, 1944) From that >cir on the 
Richland type of resistance did not protect varieties adequately agimst 
stem rust Tlie White Russian genes, however, were still effective Tims 
history tended to repeat itself, as in llic case of race 56 of who it stem 
rust, the race 8-10 complex of oats stem rust incrciscd and finally 
became widely enough established so that it could jicrsist in the tircxhil 
stage independently of barberry, on whicli it bad been dependent Btit 
there was another reason why the circtr of the Richland X Victoria 
hybrids was terminated 

The immediate and perhaps more potent cause of the demise of the 
virielies derived from Richland X Victoria crosses w is HclnwUhiy- 
sporium vlctoriac, unknown or iindctectctl Iieforo these varieties wire 
Widely grown Tins ‘‘nevv*’ disease caused such heavy losses that ft done 
would have ended the usefulness of the v irietics with the \'ictori 4 gnus 
for rcsisHncc to crown rust, for it soon w is found tliat there was linkage 
between these genes and those for susceptibihl> to // acioru <* Tins Li 
i conspicuous example of a minor disease Ucomfn^ a nu/or ilm m- 

on new v mclics . . . , , 1 1 . . t 

Tlie princiidc tint new varietus should l>e the.rou.,Iu> tivtixl 
all nnixirtant iiid I4umt ill ixilrntuIN .mlfc .( .a! tw, Ui 
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long been recognized The difficulty li in detecting tlie potentially fin- 
poitant ones when they are as obscure os was //. victoriae. It was natural 
that the danger of new rust races should have been recognized because 
the rusts had long been known as major diseases of oats and there was 
precedent for assuming that there might be important changes in the 
prevalence of races. Major effort was therefore made in studying tlie 
potential importance of races. But there was no such precedent for 
Helminthosporium diseases of oats, and there was no major effort in 
studying them. A new precedent should be established, there should be 
major effort in studying minor diseases. Heretofore facilities and funds 
have not been adequate to study adequately everything that should be 
studied m connection with complex problems of breeding for resistance 
to complexes of diseases. 

When it became apparent that the Victoria X Richland derivatives 
had fatal weaknesses, more effort was put on crosses between Bond, 
White Russian, and varieties with smut resistance. But it was known 
that races 6 and 7 of stem rust, and certain others, could attack White 
Russian and that certain races of crown rust could attack Bond. Although 
none of these races were abundant and widely prevalent, there was 
good reason for supposing that they might sometime become prevalent. 
Accordingly, attempts were made to broaden the bases for resistance 
both to stem rust and to crown rust 

As concerns resistance to stem rust, race 7 upset the status quo in 
1950, as it suddenly “exploded” along with race 15B of wheat stem rust. 
Race 7, which can attack varieties with the White Russian type of 
resistance, was originally found by Waterhouse in Australia { Waterhouse, 
192.9). It was first found in North America in 1928, when it appeared 
in small quantities in Canada (Newton and Johnson, 1944). The first 
isolate in the United States was obtained from barberry at Presque Isle, 
Maine, in 1933 (Stakman and Loegering, 1951). Race 12 is not always 
clearly distinguishable from race 7 on tlie standard differential varieties, 
and tlie t\vo were therefore sometimes considered together. From 1934 
to 1937, inclusive, neither race was found in the United States. From 
1938 through 1949, however, one or botli were isolated each year except 
in 1942, but almost always on or near barberry in eastern United States. 
For 7 successive years, from 1943 to 1949, inclusive, race 7 (race 12 in 
1943) was found near barberry in New York, and in 1947 and 1948 only 
in New York. In 1949 there was a slight indication that it might extend 
its geographic range, as it was found once in New York, twice in Mich- 
igan, and was isolated from a collection made in the fall in Kansas. But 
this was only an indication of what might sometime happen; it was not 
a clear warning of what did happen in 1950, wlien race 7 was isolated 
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from 54% of the 628 collections of oats stem rust identified in the United 
States and comprised 44^ of the 788 isolates from the 628 collections 
As race 8 comprised 23% of tlie isolates, neither the HicJiJand nor the 
White Russian genes were sufficient to protect tlie varieties then grown 
Moreover, race 6 and the closclv related race 13, found occasioinll> near 
barberry, can attack varieties with genes from bolli Ridiland and WJnte 
Russian. Obviously, then, additional genes for resistance ivere nctihd 
Welsh and Johnson (1954) reported a “Canidum” t)pc of resistance 
in segregates from certain crosses \vith Hapra as one of the parents, 
which appeared to be effective against all races of stem rust Appirenll>, 
however, the Canadian type of resistance is not effective against certain 
races, including races 7 and 8, at high temperatures (See Table 1) 

TABLE I 


Reaction of Parents and Hsuiuds to Races 7 and 8 of PucctnUi aniintnn 
VAR avenac under Costrollfd Tempeiuturl Cosuitions’* 
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with the Richland, White Russian, and Canadian types of resistance at 
moderate as well as at high temperatures. 

Race 13A was evidently produced on barberry, since it was col- 
lected in a barberry-infested area in New York where race 7 was found 
for 7 successive years before it suddenly became widely established in 
1950. Races 6 and 13, 7 and 12, and 8 and 10 all were apparently pro- 
duced repeatedly on barberry in the United States and persisted only 
in barberry areas for a number of years. Races 8 and 7 became inde- 
pendent of barberry in 1943 and 1950, respectively. Whether races 6, 
13, and 13A, the most dangerous of all, will also become widely estab- 
lished remains to be seen. In the meanwhile plant breeders and plant 
pathologists obviously must assume that the worst may happen and must 
therefore try to find and combine still more genes for stem rust resistance 
in oats. 

The history of the relation between varieties of oats and races of 
crown rust parallels that of stem rust. Reliance originally was placed on 
the resistance of Bond and Victoria, and for almost two decades it 
seemed adequate, but races to which they are susceptible eventually 
increased in prevalence According to Simons (1956), race 202 of crown 
rust, which attacks Bond heavily, was the most prevalent race in North 
America in 1955, comprising 47% of all isolates; and race 258, which 
attacks Victoria, was third in prevalence. The Victoria-attacking races 
comprised 18% of all isolates and about two thirds of those in the south- 
eastern states of the United Slates. Bond and Victoria are no longer 
resistant. Other varieties, however, such as Landhafer and Santa Fe 
appeared to be generally resistant and were therefore used in breeding 
programs. But races of crown rust have appeared that attack these 
varieties also (Simons, 1954). The situation is again uncertain. 

The role of the aecial stage on barberry in the production and per- 
petuation of races of the tritici and avenae varieties of P. graminis is 
perfectly clear. Altliough mutation and heterocaryosis or parasexuality 
may also result in tlie production of new and dangerous races in nature, 
those races of stem rust which caused the major changes in the status 
of resistant varieties in North America, both of wheat and of oats, either 
originated on barberry or persisted by means of it. Although the long- 
continued campaign for eradicating barberry from the principal grain- 
growing areas of nordiem United Slates has reduced the danger of new 
races, the remaining bushes still are a menace. It is pertinent to ask 
how successful breeding for resistance to crown rust can be, as long as 
the millions of buckthorn bushes, Wiamnus spp., remain in many of the 
extenshe oats-growmg areas of northern United States. 

The past role of physiologic races in limiting the careers of resistant 
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voriclies is not restricted with respect to crop, p ithogen, or geographic 
area of tlie world The same kinds of diiBculties have been encountered 
m breedmg wheats for resistance to orange leaf rust, Puccmia rubigo 
vera var tritici, and to yellow rust, P glwmrum, rusts m which the 
aecial host is rare or unknown, respectively The origin of important 
new races of these rusts is not as clear as m the case of stem rust, 
recombinations of genes for virulence may commonly occur elsewhere 
tlian in an aecial stage, as some fungi are unortliodox m their sexual 
behavior, and these and other rusts may be among them More needs 
to bo known about the possible role of mutation also Whatever the 
origin of races in these and similar rusts, however, their past and poten 
tial importance has long been evident 

Tlie smuts of small grams, com, sorghums, and millets, comprise 
physiologic races, as the term is used for tlie smuts, which may differ 
decidedly in theu: pathogenicity for varieties within each kind of crop 
plant (Fischer and Holton, 1957) Shifting populations of races have 
forced continual effort m obtaining and combining additional genes for 
resistance m the host plants More than 30 years ago, as one example 
It appeared as if the bunt problem m the principal wheat growmg areas 
of the Pacific northwest of tlie United States had been virtually solved 
by resistant varieties But new races of the bunt fungi decreed other 
Wise Only a person who experienced the optimism generated by the 
first successes with bunt resistant varieties can appreciate the frontis 
piece in "Biology and Control of the Smut Fungi by Fischer and Holton 
(1957) 

Potatoes resistant to late blight, Phytophthora mfestam, and to scab, 
Streptomyces scabies, have been developed repeatedly, only to succumb 
to new races of the pathogens Indeed, the examples are so numerous 
that to cite more of them would be to transcend die spice limits for this 
chapter Considering the complexities of many of die breeding problems, 

It is surprising that so much progress has been made in the short space 
of 50 years Progress should be more rapid m the future, if full use is 
made of the lessons learned in the past 

III LESSO^S FROM THE PAST 

It IS evident from past experience that more must be leimed about 
the total genic potential for virulence m speciBc patJiogens, more must 
be learned about the total genic potential for resistance in crop plants, 
and more must he learned about the nature and vambility of resistance 
m specific host pathogen combinations For it is dearly evident that too 
httle was kmown about the vast and shifting populations of hiotypcs 
Within species of some pathogens and about the methods of identifying 



590 


E C STAKMAN AND J J- OmiSTENSEN 


and classilying them as a basis toi dctenttbyng tUeir pathogenicity. 
Prediction must be based on knowledge, not ignorance; there was too 
little knowledge in the past. Consequently there was too much reliance 
on too narrow a base of resistance in many cases; and in relatively few 
cases was there enough knowledge to enable definite predictions regard- 
ing what would happen. Even after enough information had been 
obtained to justify prediction regarding what could happen, there often 
was reluctance to believe that it would happen. The nature of many 
problems had to be learned while attempts were being made to solve 
them. Facts were accumulated, techniques were devised, and concepts 
were evolved largely from the breeding work itself, not from a pre- 
existing compendium of facts and procedures. 

Because of limited knowledge, the concept of what constituted an 
adequate sample was often too restricted. The principles of adequate 
sampling and of replication were, of course, recognized; but too often 
they were recognized in principle only, not in application to specific 
problems. It is certainly clear from many of tlie past experiences that 
there were not adequate samples of resistant breeding materials, nor of 
races of pathogens, nor of the effects of different environments, botli 
biotic and physical, on the disease process and its variability. 

There was a continual succession of discoveries, including many 
surprises: new genes for resistance in crop plants; new physiologic races 
of pathogens among viruses, bacteria, and fungi; and new reactions 
between varieties and races under certain environmental conditions. 
That nature was dynamic, not static, had long been known; but wide 
experience m time and space was prerequisite to an understanding of 
how dynamic many disease situations can be. 

Concepts regarding the variability of resistance changed several 
times during the half century in which systematic attempts have been 
made to breed resistant varieties. At the beginning of the epoch the 
doctrine of predisposition, as portrayed by Sorauer and others, was 
widely accepted. It was found, Ivowever, that it was not always easy to 
distinguish between tlie effects of presumed predisposing factors on the 
resistance of the host and their effects on the pathogen. Many attempts 
were made to increase the resistance of susceptible varieties and to 
increase the susceptibility of resistant ones. When it became evident 
that resistance was due to genetic factors, there was a tendency to 
assume that resistance and susceptibility could fluctuate within certain 
limits witliin each category but could not be shifted from one category 
to another. And in many cases experimental evidence supported tliis 
view; indeed tliis still is true of some race-variety combinations. But it is 
now known that varieties of some crop plants may be almost immune 
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from some physiologic races of pathogens at certain temperatures but 
completely susceptible at others Generalizations at times rested on too 
narrow a base of experience, just as the resistance of certain varieties 
rested on too narrow a base of genes 

It was found by experience also that more adequate testing was 
needed against pathogens that were either inconspicuous or harmless 
when breeding programs were started The complexities were created 
not only by races within species of pathogens but also by different 
species of pathogens It was loiown, naturally enough that a variety 
might be resistant to some diseases and susceptible to others but it had 
to be learned that varieties which were produced pnmarily for resistance 
to certam diseases might prove unprecedentedly susceptible to previously 
mmor diseases Thus smooth awn barley varieties were produced by the 
United States Department of Agriculture and the Mmnesota Agricultural 
Expenment Station by crossing desirable rough awn Manchuria types 
with smooth awn Lion barley, but after having been distributed, they 
proved so susceptible to the complex of effects produced by Helmmtho 
sporium sativum that their distribution was discontmued Smooth awn 
varieties with resistance were then developed cooperatively by plant 
breeders and plant pathologists at the Minnesota station and distributed 
under the appropriate names Glabron and Velvet Tlie resistance of cer 
tarn rough awn Manchuria selections that survived m a Helmmtho 
sponum infested plot had been combined with the smooth awn character 
of Lion But after these excellent varieties had been grown for several 
years they were found to be very susceptible to loose smut, Ustilago 
nuda, and to fusanal head blight, commonly Jenown as scab "nicre were 
good reasons why it was not easy to predetermine the susceptibility to 
loose smwt and to scab At the tune even less was known than now about 
methods for creating epidemics of loose smut, and weatlier seldom was 
favorable for the development of scab at tlie Minnesota stahon 

But this and other similar experiences did stimulate the establish 
ment of ‘plant disease gardens,' where an attempt was made to inocu 
late parental breeding matenals and hybrids with an adequate samjjJo 
of presently and potentially important pathogens under favorable condi 
tions for abundant disease development Effort was made to devise 
methods for ‘makmg weatlier to order" m tlic field (I) by providing 
supplemental soil water m the plots during dry weather, (2) hv pro 
viding large tents m whicli temixjralurc and humidilv could be con 
trolled to some extent, and (3) by covering the lent lAc enclosures with 
movable slats which made it possible to control light to sonic cvltnl 
Such plant disease gardens are mdispcnsable in nun> breeding pro- 
grams, thev are in reality elimination plots designed to make sure tlut 
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only the fittest materials survive and that the unfit, for whatever goo 
reason, may be eliminated. The success of such plots, of course, depen s 
on having an adequate sample of the eliminating pathogens and on 
providing environmental conditions tliat enable them to display their 
eliminating ability. 

Tlie value of disease gardens can be illustrated by one conspicuous 
example. About 25 years ago several hundred advanced generation lines 
of “rust resistimt” wheat, produced at several experimental stations, 
where they had been exposed to natural infection only, were grown at 
the Minnesota station in a root rot plot and in the rust nursery where 
an artificial epidemic of stem rust had been created by inoculating with 
what was considered an adequate sample of races. At least 95% of the 
lines were susceptible to stem rust and 98% were killed or almost com- 
pletely killed in the root rot plot. Most of the lines were at least in tlie 
F 5 generation, hence considerable time and effort had been spent on 
them, but they obviously had not been exposed to an adequate sample 
of pathogens and of weather in the area for which they were intended. 
Subsequent events indicated clearly that they probably would have been 
injured severely in some seasons and in some localities if they had been 
distributed for commercial production. Although there was natural 
disappointment in the defection of these lines, the disappointment would 
have been far greater if it had occurred on several million acres of com- 
mercial fields instead of on a fraction of an acre in experimental plots. 
Moreover, such experiences as this strengthened the growing conviction 
that adequate testing was essential, and they stimulated efforts to ob- 
tain information and devise practical methods to assure that tests be 
adequate. 

Much of positive value was also learned in the past. It was learned 
tliat barriers to wide crosses could sometimes be overcome, that unde- 
sirable linkages were sometimes broken when large populations were 
grown, that backcrossing could be very useful, and that a number of 
factors — some of them nonspecific in their effects — might confer a certain 
degree of generalized resistance to varieties, notably in wheat and pota- 
toes. Better methods were devised for identifying races of many path- 
ogens, and much has been learned about methods for finding, classi- 
fying, and testing physiologic races. 

During the past 50 years there have been many successes and many 
disappointments in breeding for disease resistance. Disappointment often 
would have been less if expectations had not been so high. When meas- 
ured against the standard of perfection, some programs can be con- 
sidered as failures, but only because tliey did not attain perfection; when 
measured against the reality of the prior situations, on the other hand, 
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they must be considered successful even though they fell short of per 
fection. Too often, however, they have been adjudged complete failures 
because they were not complete successes Psychology became mised 
with pathology in some cases There was sometimes a tendency to under- 
estimate the complexities and uncertamties and therefore to overestimate 
the possibility of completely and permanently controlling diseases by 
means of resistant varieties Plant diseases cannot he controlled by parti- 
san pronouncements, but only by objective scientific eflFort Presupposi- 
tions, preconceptions, and prejudices, wherever they may occur, can be 
barriers to progress 

Intellectual horizons must continually be broadened, saentific scep- 
ticism must be maintained, and competent scientists must be given more 
adequate facihties than have ever been provided m the past Plant dis- 
eases are mdeed very “shifty enemies, ’ and it would be fatal for scientists 
to repeat many of the mistakes, procedural and conceptual, of tJie past 
Future progress should be much more rapid and substantial if full use 
IS made of the lessons of the past 

IV The Present Status 

Two of the most formidable obstacles to the production and main- 
tenance of resistant varieties, now as m tlie past, are tlie multiplicity of 
requirements for a satisfactory variety and the multiplicity of physiologic 
races in various pathogens 

It IS not always easy to satisfy all of the field and market require- 
ments in a smgle variety Varieties of certain basic food and feed crops 
must be productive under a wide range of edaphic and climatic condi- 
tions, even when diseases are not a major factor in production In areas 
U'lfh a continental climate the range of ,'}t)aptibiht}' must bo wido Jpe- 
cause of the wide seasonal and interseasonal fluctuations m rainfall and 
temperature Even when varieties satisfy all of the producers demands, 
they must meet those of wholesale marketers, processors, and ultimate 
consumers The market standards are sometimes very exacting and purely 
traditional, based on superficial rather than intrinsic values, the color 
of beans, macaroni, and potatoes, the shape of ncc grains, and dozens 
of other characters sometimes are harriers to the acceptance of other- 
wise valuable varieties 

A The Pathogen 

The greatest single handicap to the development of pcnnunaith 
resistant varieties has Iicen tlic numerous phxsiolo^ic raexs within species 
of most pathogens Tlic past mistakes of omission and of commission m 
connection with races must not be repealed m the fntnre if more marl) 
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pcunaneutly resistant varieties arc to be produced. All races of ceitain 
pathogens probably can never be cataloged at any given time for two 
principal reasons, the practical dilficuUy of obtaining an adequate world- 
wide sample from the thousands of cultivated and wild biotypes of the 
host plants and the difficulty of being sure that the methods of identi- 
fication are adequate at any given lime. 

Even if tliere could be assurance tlial all races and their effects were 
known at one time, tlie information might soon be inadequate beeause 
of changes m populations of host v.urieties and of pathogens. There is a 
continuous and changing stream of varieties of crop plants and of races 
of pathogens, hence, there must be continuous effort in studying tliem. 
It may be possible to obtain adequate, although not necessarily com- 
plete, knowledge of the composition of these streams over a relatively 
short span of time, but the concept of what constitutes an adequate 
span of time must be expanded. Likewise, the concept of tlie numbers 
of biotypes within species of crop plants and within species of pathogens 
must be expanded. 

There are at least 13,000 recognizably different varieties of wheat, 
and there are in many breeding nurseries thousands of new lines under 
test. Naturally, there must be a large number of different genes and 
combinations of genes to produce so many different characters and com- 
binations of characters. There may be — and sometimes are — a number 
of known genes for resistance to a single pathogen, but it often is desir- 
able to combme genes for resistance to many pathogens and to numerous 
physiologic races of each. In some cases this may be relatively easy, but 
in other cases it is not. For the interactions between genes, linked or 
otherwise, increases the complications still more. Complications should 
not be overemphasized in any problem, but neitlier should they be 
underemphasized or ignored. Tlie complexities may or may not he 
important practically, but it is not safe to assume that they are not. 

It seems highly probable that there are physiologic races within 
virtually all species of the various groups of pathogens, including viruses, 
bacteria, fungi, and nematodes. For fairly obvious reasons it is easier to 
demonstrate them in the fungi than m the other groups, although some 
of the general principles are applicable to all groups. Although several 
investigators had observed that isolates within species of fungi might 
differ in physiologic characters, Eriksson (1894) published the first com- 
prehensive account of parasitic specialization within a species. He 
showed that Pticcinia graminis, as an example, comprised "formae 
speciales,” each of which could attack one kind of crop plant but not 
certain others. Thus, P. graminis became P. graminis f.s. tritici, averuie, 
etc. Subsequently other rusts and Enjsiphe graminis, powdery mildew 
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of cereal grains, »ere similarjy subdivided into formae specEia s 

biologic forms,” “physiologic forms ” or “physiologic races ' These and 
(Hher terms were used more or less synonymously For some time it was 
thought that the rusts and powdery mildews were unique m comprising 
physiologic races Moreover, tliere was a generallv prevalent belief that 
the parasitism of races could be changed readily by host influences, as 
suggested by the term “Gewohnheifsrassen,” which was sometimes ap 
plied to them The experiments of Ward (1903), Salmon (1904), Free- 
man and Johnson (1911), and others supported this view, and it was 
therefore fairly prevalent for two decades or longer after races were 
first clearly recognized 

By 1918, however, Stakman ef al (1918a, b) adduced evidence that 
biologic forms or physiologic races did not change rapidly as a result 
of host influences The apparent clianges observed by early investigators 
could easily be explained because their presumably pure races probably 
comprised many races Thus it was found that Puccxnia gramme tntici 
comprised a number of races that could be distinguished by their effects 
on different varieties of wheat (Stakman and Piemeisel, 1917) Tliere 
were in effect, then, races within races It was soon shown that P gram- 
inis ateuae and P gramum secalts likewise comprised races that could 
be distmguished on different varieties of oats and rye, respectively Tlie 
‘forms,” tritict, avenac, and others, were therefore elevated to the rank 
of varieties, as it was found that there were sufficient differences in size 
of spores to justify the elevation The races within the varieties were 
then designated by numbers But it soon became evident that rices were 
not the ultimate subdivision of the species, as different isolates of what 
appeared to be the same race might differ somewliat m pathogenicity 
Evidently the concept of races needed clarification, and this required 
study Studies finally revealed the fact that the numher of races that 
can be recognized by their parasitic effects depends on the number of 
differential hosts tint can be found As concerns stem rust, the original 
differential hosts were wheat, oats, rye, and certain wild grasses — kinds 
of crop plants, the use of varieties within each kind of crop plant re- 
vealed further differences, and the use of still more varieties is revealing 
still more differences Tins has been true botli of certain cereal rusts 
and of Erysiphe granutus Studies of these p ithogcns, supplemented hv 
studies of certain cereal smuts and some Fungi Impcrfccti which can 
be grown on artificial media, have finalK furnished i hisis for present 
concepts about physiologic races 

The basis for concepts about physiologic races is the biotype*, a popu- 
lation of individuals having the same genotype Manv species of p.itho- 
"emc fungi comprise an mderimte numlxr of biohiics, and new oius 
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pemianently resistant varieties are to be piodiiced. All races of certain 
patliogens probably can never be cataloged at any given time for two 
principal reasons, the practical dilEculty of obtaining an adequate world- 
wide sample from the thousands of cultivated and wild biotypes of tbo 
host plants and the difEculty of being sure that the methods of identi- 
fication are adequate at any given time. 

Even if there could be assurance tbat all races and tlieir effects were 
known at one time, the information might soon be inadequate because 
of changes in populations of host varieties and of pathogens. There is a 
continuous and changing stream of varieties of crop plants and of races 
of pathogens, hence, there must be continuous effort in studying tliem. 
It may be possible to obtain adequate, although not necessarily com- 
plete, knowledge of the composition of these streams over a relatively 
short span of time, but the concept of what constitutes an adequate 
span of time must be expanded. Likewise, the concept of the numbers 
of biotypes within species of crop plants and within species of pathogens 
must be expanded. 

There are at least 15,000 recognizably different varieties of wheat, 
and there are in many breeding nurseries thousands of new lines under 
test. Naturally, there must be a large number of different genes and 
combinations of genes to produce so many different characters and com- 
binations of characters. There may be — and sometimes are — a number 
of known genes for resistance to a single pathogen, but it often is desir- 
able to combine genes for resistance to many pathogens and to numerous 
physiologic races of each. In some cases this may be relatively easy, but 
in other cases it is not. For the interactions between genes, linked or 
otherwise, increases the complications still more. Complications should 
not be overemphasized in any problem, but neither should they be 
underemphasized or ignored. The complexities may or may not be 
important practically, but it is not safe to assume that they are not. 

It seems highly probable that there are physiologic races witliin 
virtually all species of the various groups of pathogens, including viruses, 
bacteria, fungi, and nematodes. For fairly obvious reasons it is easier to 
demonstrate tliem in the fungi than in the other groups, although some 
of the general principles are applicable to all groups. Although several 
investigators had observed that isolates within species of fungi might 
differ in physiologic characters, Eriksson (1894) published the first com- 
prehensive account of parasitic specialization within a species. He 
showed that Puccinia gratninis, as an example, comprised “formae 
speciales ” each of which could attack one kind of crop plant but not 
certain others. Tlius, P. gratninis became P. graminis f.s. tritici, avenae, 
etc. Subsequently other rusts and Erysiphe graminis, powdery mildew 
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of cereal grains, were similarly subdivided into fonnae spfUtles 
“biologic forms,” “physiologic forms,” or “physiologic races ’ These md 
other terms were used more or less s)'nonymously For some time it wqs 
thought that the rusts and powdery mildews were unique m comprisme 
physiologic races Moreover, there was a generallv prevalent belief th if 
the parasitism of races could be changed leadily by host influences, as 
suggested by the term ‘Gewohnheitsrassen,” which was sometimes ap 
plied to them The experiments of Ward (1003), Salmon (1004), Free- 
man and Johnson (1911), and others supported this view, and it xvas 
therefore fairly prevalent for two decides or longer after races were 
first clearly recognized 

By 1918, however, Stakmaii cf a/ (1918a, b) adduced evidence that 
biologic forms or physiologic races did not change rapidly as a result 
of host influences The apparent changes observed by early investigators 
could easily be explained because their presumably puie races probably 
comprised many races Tlius it was found that Pucemta grammis tnitci 
comprised a number of races that could be distinguished by their effects 
on different varieties of wheat (Stakman and Piemeisel, 1917) There 
were in effect, then, races within races It was soon shown that P gram 
tnts atiemc and P gromiius secalis likewise comprised races that could 
be distinguished on different varieties of oats and rye, respectively Tlie 
‘forms,” trttiCi, avenae, and others, were therefore elevated to the rank 
of varieties, as it was found that there were suflScient differences in size 
of spores to justify the elevation The races xvithin the varieties were 
then designated by numbers But it soon became evident that races were 
not the ultimate subdivision of the species, as different isolates of what 
appeared to be the same race might differ somewhat m pathogenicity 

Evidently the concept of races needed cl-xrification, and this required 
study Studies finally revealed the fact that the number of races that 
can be recognized by their parasitic effects depends on the number of 
differential Iiosts that can be found As concerns stem rust, the original 
differential hosts were wheat, o-its. rye, and certain wild grasses-kmds 
of crop plants, the use of varieties within each kind of crop plant re 
vealed further differences, and the use of still more varieties is revealing 
still more differences Tins has been true both of certain cereal rusts 
and of Erysiphe gramum Studies of these pathogens, supplemented b\ 
studies of certain cereal smuts and some Fungi Imperfecti which can 
be grown on artificial media, have finally furnished a basis for present 
concepts about physiologic races 

The basis for concepts about physiologic races is the biotype, a popu- 
lation of mdividuals having the same genotype Many species of patho- 
genic fungi comprise an indefinite number of biotypes, and new ones 
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tir 1 Cullunl rictN of IIcJminthosjHtnam t,ramincum llic uiuse of barley 
slnpt Dillirtncis in iniy or niay not be issocialccl with cultural differ 

iitccs >uch u tb )sc sho%Mi NMun i Mn^Ic \ iricty of barley is inoculated uith a 
coiisultr ibli iiunilicr of Midi culturiN dtcreiM, of p tbo^eiiicity such as that shovMi 
in 3 cm Ih. deiiu iistritixl—f Ifbin (/iitv \r;r bxpt Sta Tech Bull 95) 

Uc ci)ntuiinll\ l>cii)g produced b\ mutation hybridi/ation ind other 
inuthuiisins of i,tnctic cluni,t It is ctsicr to dctennnic tlic numbers m 
fungt th It c m be ^row n on irtifici il mtdi i since cultur d char icttrs such 
IS r lie of Kro'^th color m/c ind topo^riphv ofcailonits crui be o!>str\c<l 
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Fig 2 The relative virulence of 27 physiologic races of Helminthosporium 
grarMneum on Pcatland barley grown m the greenhouse The range of infection 
varied from almost 0 to 77%, depending on the race (Univ of Minnesota) 



Fig 3 The effect of different physiologic races, mostly derived by mutation, 
of Hclfnmthosporium sativinn on a single vanety of wheat On the eAtrenic riglit, 
nonmoculated The pot marked Par'’ is tlie parental line, flanked on both sides by 
mutants, two of winch are less pathogenic and two, more pathogenic than Uic 
parental line By inoculating with enougJi races of the pathogen it is possible to 
establish a long intergrading scries m which the killing of plants ranges from 0 to 
100% (Univ of Minnesota) 

directly and easily on various kinds of standardized media It is relalncly 
easy also to ascertain the effects of temperature and light and to deter- 
mine differences in nutrient requirements and in biochemical effects On 
the basis of differences in culture at least 1000 biotypcs of Ilclnuntho- 
sporunn sativum have been recognized At least 20,000 hafiloid biotypcs 
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Fig 2 The relative virulence of 27 physiologic races of liclntlnthosportutn 
Sratnineiim on Peatland barley grown m the greenhouse The range of infection 
varied from almost 0 to 77%, depending on the race (Univ of Minnesota) 



Fig 3 Tlic clfeet of different physiologic r.»tes, inoslfy derived by iiiiit.itJon, 
of J/e/mi>il/ios;x>ri(ii;i sativiivi on j single variety of wheat. On the extreme right, 
noninoculatcd Tlie pot iiiarl^cd “I’ar” ts (he parental hue, iljnkvd on bodi ilJcs b} 
mutants, two of which are los patiiogetiic and two, more ii,ithogenic thin the 
parental line. By inocul.'iljug with enough races of the pathogen it » ;»s>ible to 
establish a long intergrading senes in vvlueli the killing of plants ruigis from 0 to 
1002. (Umv. of Mmncsot.i). 

directly and easily on various kinds of standardi^tcd media. It is rekilivtlv 
easjr' also to ascertain tlie effects of tenipc’raturc* and figfit and to deter' 
mine differences m nutrient reciiiireinenls and m Inochemical effects. On 
the basis of differences ni ctiUtim at /cast 1000 biofijics t/f IhlmoUho- 
s/jornnn sritan/n ha\o been rcc*>miir4*d- At lc.ist 20.000 haploid hiolvpes 
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of Ustilago maijdts were derived from two single sporidia of opposite 
sex as a result of hybridization and mutation Similarly, an indefimte 
number of culturally distinct biotypes of Fusanum oxysporum f Itm 
have been studied (Borlaug. 1945) Rhizoctoma sohtu is another con 
spicuous example of a species that comprises at least hundreds of 
biotypes that differ in many characters (Kernkamp et al , 1952) All of 
the hundreds or thousands of biotypes within these species may not 
differ in pathogenicity, although many of them do For purposes of 
breedmg resistant varieties the critical question is how many biotypes 
differ in pathogenicity, how they can be detected, and how they can be 
classified into races 



Fig 5 Four degrees of pathogenicity on a single \ariciy of com inoculated 
with 4 monosporidial and se>ually compatible lines of t/rfi/ogo nwr/Jts (Umv of 
Minnesota) 


Tlie generalization tliat there arc indefinite numbers of biotyt>es 
within some species of patliogemc fungi can be amplified by adding 
tliat indefinite numbers of them may differ in pathogenicity as well as 
m other physiologic characters If the pathogenicity of a I.u-gc enough 
sample of isolates is studied and seriated, one can offtii demonstrate a 
variation m pathogenicity, ranging from near 0 to 100, ^^lth smill infer' 
vals bet^\een the different isohtes Thus, Borlaug (10-15) shoued tint 
15 isolates of the /lav inlt fungus killed various percentages of tlie 
plants of Redwing flav Tlic range for all isolates was from 32 lo^002. 
and tile differences lictwccn different isolates ringed from 3 to 257 \s 
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IS evident from Figs 1 and 2, there are many cultural types among isolates 
of Helmmthosporatm gramineum, the cause of barley stripe, with many 
degrees of pathogenicity for barley (Chiistensen and Graham, 1934) 
The same trend is evident witli H satwum, which causes root rot, foot 
rot, spot blotch, and otlier effects on barley, wheat, and many wild 
grasses. As can be seen in Fig 3, isolates can be arranged m ordei of 
virulence for a single variety, and, m many cases, tlie length of the senes 
and tlie proximity of the items in die senes is merely a function of the 
numbers of isolates tested That different dicaryophytes of Ustilago 
maydts liave different degrees of pathogenicity for corn has Jong been 
known (see Figs 4 and 5) But it has been shown also that haploid lines 
of U. maydts, which have limited pathogenicity, cause different degrees 
of curhng^ or distortion on very young seedlings of corn Similarly, pre- 
liminary indications of degrees of patliogenicity of different paired 
haploid lines of Sphacelotbeca sorght for sorghum can be obtained by 
the degree of chlorosis which tliey cause ( Vaheeduddm, 1942) If enough 
combinations are tested, it is possible to arrange the inoculated plants 
in an ascending series — from no chlorosis to very pronounced chlorosis. 
With slight but perceptible differences between the effects caused by 
the different pairs m the senes 

For many obvious reasons it is harder to detect biotypes and to dis- 
tmguish fine differences between them in obligate parasites sucli as the 
rusts and powdery mildews It is certain, however, that there are very 
large numbers of biotypes that can be distinguished from each other on 
a single variety of host plant Thus, in Fig 6 there are six distinct infec- 
tion types caused by six physiologic races of stem rust on a single 
variety of wheat, and it would easily be possible to multiply the number 
until the differences between the contiguous types nero almost im 
perceptible 

Phenotypic variability can easily obscure the genetic differences be- 
tween closely related biotypes It would be completely impracticable, 
for example, to construct a usable key for the determination of the 
thousands of haploid biotypes of Ustdago maijdxs or of many of the 
other pathogens discussed Nor would such a key be particularly useful 
for practical purposes Classification of individual biot>pes is simply not 
feasible m many cases, accordingly the ke>s tint have been devised 


'zero semicolon (0.) when there are necrotic flecks sucJi as those shown There 
is also a type 0 m which no flecks are produced For the purpose of dclcnniimil 
races, only the reaction types slnwn are used, 0 1. and 2 md.cate rcs.stan«. I md.- 
cates intermediate or mesothctic reaction, 3 uixi 4 indicate suscepMl} It U 
noted Uiat tliere are several degrees both of resistance and of siLsctpl.bilifv (1/ S 
Dept of Agr and Umv of Minnesota) 
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point die way to the classification of groups of biotypes, or races rather 
than to individual biotypes 

In breeding disease resistant varieties it would be very desirable to 
have a perfect and changeless system for classifying all biotypes of 
important pathogens with a numerical formula indicating tlie past, 
present, and future importance of each one Unfortunately, omniscience 
is still theoretical rather than real m tins and many other fields of 
biology For practical purposes physiologic races, not individual bio 
types, are classified 

As the term is generally used, physiologic race connotes a biotype 
or a group of biotypes that can be distmguished with relative facility 
and consistency from other biotypes or groups of biotypes within the 
same species by physiologic characters Like the classification of physio 
logic races, the defimtion may not be perfect but it can be useful — at 
least for purposes of thmkmg 

1 Keys for the Determmation of Haces 

In constructing keys for the determination of races the first requisite 
IS to select appropriite differential varieties, tlie second is to establish 
classes mdicating degrees of infection, the tlnrd is to determine the 
degree of phenotypic variability within each class, includmg overlap 
bctiveen classes, and tlic fourtli is to provide physical facilities for 
standardizing environmental conditions and for varying them if neces 
sary Tlie investigator has no control over tlie numbers of biotypes within 
species, nature made the biotypes and the best that man can do is to 
group them as best he can The establishment of classes and recognized 
races tliat may ln\c meaning to different investigators must depend on 
iLasibihty results of race determinations must he reproducible at 
different times and pi ices insofar as possible The difficulties are great 
est, of course, when there arc hundreds of biotypes, differing m small 
degrees witliout wide intervals between them Differences may be quan 
litiNc only or they may be qualitative or Uic two may be combined 
Difficulties of classification arc obviously very great when there arc 
onl> qu uititatnc differences Tims, the 15 isohtes of the fla\ wilt fungus 
preMously mentioned killeal 3, 0, 9, 12, 22, 25, 29, 35, 12, 67, 70 75, 88 
')0 and 992 of the plmts of Redwing flax Cich of the first four differ 
1)> only 32. eich, then there is a difference of 102, followed by differ 
tnces of 3 to 62 between the next group up to 12 followed bv a 252 
difference between 42 and 07, witli sin ill differences between the rtm im 
mg isolates Tlie most obsioiis gips irc between 12 and 22 and between 
12 and 67 W illi enough dat i it might be possible to cst ibhsh crude 
lurccnlago cl isse-s but lhe> obviously would have to be I irge cl isscs 
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or tliere would be considerable overlap between them The same dttfi 
culty would be encountered with Hchninthosponum gramtneum (Fig 
2), Rhizoctoma solam, and many other pathogens in which the criterion 
IS the percentage of plants killed A similar difficulty is encountered 
with tliose smuts within which races are distinguished principally b> 
the percentages of smutted heads m tlie diflferential varieties For prac 
tical purposes, then, biotyties wliose effects fall within certain ranges 
are grouped into races 

Classification is somewhat easier when different biotypes produce 
different types of effects whicli can be considered at least partly quali 
tative rather than purely quantitative Thus, certain biotypes of Phytoph 


TABLE II 

Differential Vahieties of Triltctini spp Used in Identifying Physiologic 
Races of Puccmwi gramiftw var irtUct 


Trtttcum compactum 

TrUicum durum 

Little Club, C I« No 4066*’ 

Amautka, C I No 1493 

Mmdum, C 1 No 5296 

Trittcum vulgarc 

Spelmar, C I No 6236 

Marquis, C I No 3641 

kubanka C I No 2094 

Heliance, C I 7370* 

Kota, C I No 5878 

Acme C I No 5284 


TtHtcum dtcoccum 

Tntjcum tnonococcum 

Vernal, C 3 No 3688 

Einkom, C I 2433 

Khapli C I No 4013 


® C I = Cereal Investigations accession number United States Department of 
Agriculture 


* Certain lines of Jenlm C I 5177 notably Hood C I 11456 may be subsb 
luted for Little Club, and generally Kinred C I 5146 for ReJnnee 

thora infestans may produce only necrotic flecks on certam varieties of 
potatoes and large lesions on other varieties The size and character of 
the lesions may therefore be an indication of differences, provided tlie 
tests are made under conditions that permit the differences to show 
clearly A conspicuous example of what might be termed qualitative 
differences is furnished by some of tlie cereal rusts where the degree of 
necrosis, chlorosis, or combinations of the two, are often associated with 
size of pustules and amount of sporuiation The principles of classifica 
tion can be illustrated by Pucemta gramtms var tnttci 

About 40 years ago a standard set of differential varieties was selected 
from among several hundred vaneties of different species groups of 
wheat tliat were tested for tlic purpose The varieties selected seemed 
to be adequate for indicating the differences between the races then 
known Tlie list is given in Table II 
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The infection types produced by difierent races on these varieties, 
either by a single race on different varieties within this group or by siv 
races on a single variety are shown in Fig 6 One additional type might 
be added, namely, complete immunity Tins, plus types marked 0, I, 


TABLE III 

Ley fo« Identuying Physiologic IUces of Puccmta gramtms var tnttci on the 
Basis of TiiEin Pathogenicity on 12 Diffebential Varieties of Tnttcum spp 


Reaction of differentnl varieties 

Physiologic 
race (key 
number) 

Races similar to those 
designated in key 

Little Club resistant 

Marquis resistant 

Arnautka resistant 

138 


Arnautka susceptible 

130 


Marquis mesothctic 

99 


Mirquis susceptible 

Khaph resistant 

131 


Khapli susceptible 

41 


Little Club nicsothctic 

Marquis resistant 
kubanka resistant 

LmVom Tcsislaut 

103 

111 

Einkora susceptible 

160 

102 

kubanka mesothctic 

68 

69 

kubanka susceptible 

72 


Marquis mcsothetic 

58 

121 

Marquis susceptible 

Reliance resistant 

101 

21 

Reliance susceptible 

144 

40 

I ittle Club susceptible 

Marquis resistant 

Relianee resistant 
knta resistant 

Arnautka resistant 
kubanka resist int 

Acme resistant 

1 inkuni resistant 

111 

47, 50. 70 71 103 

Ltnkuni susceptible 

102 

104, 112, ICO 107 IfaO 

\eine susceptible 

2 

18, 59 73, 162 

kubanka incsutliclic 



uul 2, irc cxinsidtrLd indicitioiii of a high degree of resistance The 
t)po \ IS considered intinncdute or mcsothctic, types 3 md 1 indicate 
susceptibility Plus md minus signs arc used to indicitc plus and minus 
deviations from die norm of the tvpc Bv using the double signs it iv 
t>ossiI)lo to mdicitc five degrees of infection for nch type except 0 
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A semicolon after 0 indicates the presence of necrotic flecks. A suiiei- 
script c indicates chlorosis. It is dear that there are different degrees of 
resistance and susceptibility within tlie major groups For purposes of 
determining races, however, it seemed expedient to recognize only the 
three groups marked R, I, and S in Fig. 6. 

A trichotomous key is then used to group biotypes into races. A part 
of the key is reproduced in Table IIL 


TABLE IV 

Mean Infection Typejs Produced by Physiologic Races of Fuccinta graminis 
\AH. Intici ON Differential Varieties of Tnticum spp. 


Mean reaction of differential varieties 



1 

4 

4- 

0 

3 + 

1= 1 1- 

34- 

3 + + 

3 

0, 

11 

4- 

4=> 

3 + + 

34- 

4= 4- 4= 

34-4- 

3 + + 

J 

1 = 

15» 

4 

4- 

4» 

34-4- 

4= 4* 4» 

34-4- 

3 + + 

3 + + 

4± 

16 

4- 

2 = 

0 

1 

3++ 34- 34-4- 

34- 

4- 

1- 

1 - 

17 

4 

4- 

0; 

34- 

4= 4- 4* 

34- + 

3 + + 

3 

1- 

18 

4 

4- 

4 = 

34-4- 

I 1= 1- 

3+ + 

3 + + 

3 + 

1- 

19 

4 

2- 

0; 

3- 

4* 4** 4 = 

3 + + 

3 + + 

3 

0, 

20 

4 

4 = 

4* 


14-4- 1- 1++ 

3 + + 

1 + + 

3 + 

1 = 

21 

4 

4 

0 

34-4* 

4- 4- 4- 

4 = 

3 + + 

1 = 

0»’ 

29 

4 

4- 

0 

3 

X4-4- X± X+ 

X 

x+ 

J 

1- 

56 

4 

3 + 

34- 

34- 

1= 1= 1 = 

3+ 

3 + 

1 = 

1 = 

189 

4 

4 

4 

34- 

4 4 4 

4 

4 

4 

4 


■ Infection typcc gtven m Tabic IV are produced by 
encountered up to the present There may be some ^vui>.on f™" ^ 
when other closely related btotypes arc encountered. The 
taut examples. Race 15A has a tendency toproduco weaker mfoct.on 
by mfeetion types recorded rn the table; b.otjpe H baa .a tendency to produce 
infection than those recorded 

Tlte mean infection types produt^d by d.lfercnt races i.ute bc-en 
recorded in .-i table, a sample of whidi is g.vcn m Jab e 1 • 

When isolates cannot be identified by means of H'-; Jy “f ' ^ 
mean infee, ton Wes dev, ate too mud. from 

it is assumed U.at tbe tsolate may represent a new race. Tl.ts cspcct. > 
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true because occasional isolates may appear to be a certain race on the 
basis of the infection types whidi they produce on the limited number 
of varieties that are used for identifying certain races m the key. As an 
example, only tlnee varieties are used as indicators for the identity of 
races 138 and 130. The first four varieties m the set of differentials are 
resistant to race 130, the next six are susceptible; and Vernal and 
Khapli are resistant. If an isolate produces type 3 infection on Vernal 
rather than the type 0 which appears m tlie table, the isolate obviously 
would be a mixture of races or a new race. More critical studies are then 
required to determine its identity. 

This system seemed fairly satisfactory for about two decades. It was 
then found that some important differences between races were not 
revealed by the key. Different isolates of race 15, for example, produced 


TABLE V 

The Infection Types Phoducld by Three Isolates of Race 15B of Wheat 
Stem Rust on Khapli Emmer and Kentana 52 Wheat® 


Isolate 

Variety and infection type 

Khaph 

Kentana 52 

Iowa 

0, (almost immune) 

1 (highly resistant) 

Virginia 

2 (very resistant) 

3 (moderately susceptible)^ 

Oklahoma 

1 to 3 (moderately resistant) 

4 (very susceptible) 


® Experiments made by Oscar Nen Sosa of Guatemala while a student at the 
University of Mmnesota. 

J’The reaction is intermediate and could be considered either as moderately 
susceptible or moderately resistant 

somewhat heavier infection than others on some of the standard differ- 
entials, but the differences were only in degree of susceptibility, not 
between susceptibility and resistance. After considerable study it was 
found that the addition of the new variety, Lee, distinguished clearly 
between some of the isolates on the basis of resistance or susceptibility, 
those to which Lee was resistant were designated as race 15, and those 
to which it was susceptible, as 15B. There were also differences among 
isolates designated as 15B. The first indications of these differences were 
on Kliapli emmer. These differences are shown in Table V, in which a 
new variety, Kentana 52, was tested as an additional differential. From 
Table V it is evident that what appeared to be relatively minor but 
perceptible differences on Khapli are important on Kentana 52, as it is 
'cry highly resistant to the Iowa isolate and very susceptible to the 
one from Oklahoma. 

Experiences such as those witli 15 and 15B have necessitated the 
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addition of supplemental differentials to tJic original set and also tin 
issuance of a supplemental key based on the so called standard differ 
entials It is obvious tliat extensive testing often is necessary before satis 
actory additional differentials can be found As an example 22 \anehes 
were extensively tested as potential differentials m 1955 at the Coopera 
tive Rust Laboratory, St Paul, Alinnesota Many of them proved un 
satisfactory In 1956, 19 representative varieties were tested, and in 
1957, 7, includmg Lee, were inoculated with all collections identified 
It would obviously be very difficult to construct a completely satisfac 
tory key tliat included all of the information desirable for breeding re 
sistant varieties As the breeding itself progresses and new combmations 
of genes are made, certain new wheat varieties may serve as additional 
differentials The situation with respect to wheat varieties and with 
respect to rust races is dynamic Continuous effort therefore is re 
quired to find out even the most important facts in connection with 
rust race wheat variety relationships (see Fig 7a, b) 


2 The Classification of Races 

Any system of classifying biotypes into races must necessarily be 
somewhat flexible, but it should not be so flexible tliat contmuity with 
tile past IS completely broken For this reason it seems desirable to retain 
^differential varieties that have long been m use and to add to them 
periodically as it becomes necessary The original 12 differentials for 
the determination of races of wheat stem rust have now been used for 
about 40 years, and it has been possible by tlieir use to predict some of 
the changes that have occurred m prevalence and distribution of races 
It has been possible also to develop historical perspective on population 
trends of certam groups of races There are more reasons for studying 
physiologic races than merely to try to find out tlie direction winch 
breeding programs must take It should be emphasized, however, tint 
the ability to distinguish clearly between races may ahvays be imiited by 
the number of existing host varieties that can be found to distinguish 
clearly between them 

A second difficulty m identifying races is tlie fact tint the infection 
type produced by some of them on some varieties may fluctuate uilh 
temperature, light, and certam other environmental factors Quanti 
tative differences withm infection types have long been reco^iized \s 
an example, the distmction bet^veen type 3 and type 4 of wJieit stein 
zs not rigidly fixed (see Fig 6) Under the same 
TOnditions races that produce type 3 infection cm f . 

from those that cause type 4 mfecbon on the same 
O'cceptionallv favorable conditions type 3 may be cltv itccl lo l>p 
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demies usually develop The same general principle applies to 
her rusts There is evidence, however, that some races of 
It, caused by Pticcmia f;lumanim, are more virulent at teinpera- 
;r than the normal for most races and varieties The most valid 
1 IS that It IS important to determine the complete range of 
1 between races of pathogens and varieties of host plants 



The effect U'^\t tV^a vcffsctwMv at 

« rust on Marquis wheat a, plants grown in shade, b, in partial shade, 
light There is increasing necrosis around the pustules with increasing light 
jpt of Agr and Univ of Nlinnesola) 

lugh the mode of ongm of new races of fungus pathogens is 
/ a problem m the genetics of fungi and their dissemination and 
ion IS primarily a problem in ecology, both problems are im- 
m breeding for disease resistance It is necessary to know not 
Itch races are prevalent in given areas at given times but also 
ly happen in the future This requires extensive physiologic race 
to detennme population trends and trends in the geographic dis 
1 of races There is enough evidence in North America to indicate 
Ls that occur in any p irt of tlic *1163 may sooner or later become 
led in all parts of the principil wheat-growing area Tlie ques 
unUy arises ns to whether neu or rare races are disseminated 
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quicUy 01 slowly Tliere is no single answei to this question Much de 
pends upon the nature of the pathogen, the mode of its dissemination, 
the distribution of susceptible host varieties, and upon various com- 
binations of weatlier conditions Certain races of wheat stem rust and 
of oat stem rust were known for a decade or longer before they became 
widely distributed Some races, such as race 56 of wheat stem rust and 
race 8 of oat stem rust, increased gradually m prevalence and extended 
their geographical range fairly slowly Race 15B of wheat stem rust 
and race 7 of oat stem rust, on the other hand, were dissemmated and 
became established over much of North America from small begmnmgs 
within a single year (Stakman and Rodenhiser, 1958) 

3 The Detection of Races 

The practical question arises as to how potentially important races 
can most easily and certainly be detected Those which exist in only 
small quantity are not necessarily detected m systematic race surveys An 
indispensable adjunct to these systematic surveys is the mamtenance of 
appropriate nurseries at strategically located places m certam areas As 
an example, since 1919 from 8 to 59 nurseries containing susceptible and 
resistant wheat varieties have been grown at various places in tlie 
United States More recently it has been possible to grow uniform inter- 
national wheat rust nurseries in many countries of tlie world The 
object IS to use these nurseries partly to obtain preliminary indications 
of the existence of races that attack presumably resistant varieties Sim- 
ilar nurseries to determine the existence and distribution of dangerous 
races of P glumarum are now being grown at strategic places in ivestem 
Europe * These nurseries of course have tlie double value of helping to 
detect dangerous races and of yielding mformation on the suitability of 
varieties for commercial production in the test areas or as parental 
varieties in breeding programs 

4 Physiologic Races of Viruses, Bacteria, and Nematodes 

An attempt has been made in the preceding pages to emphasize the 
importance of physiologic races m the breedmg of resistant varieties, 
and several fungus patliogens have been selected is examples because 
they have been studied long and extensively Similar examples could 
have been selected from viruses, bictcni, and nematodes There arc 
obvious differences in detail, but tlic basic principles are similar to those 
in connection xvith fungi The essential facts regarding the existence of 

* III The situation regarding >c]Iow rust aWick in wheat in Europe Interna 
liom] Coiilict Ko J, 1957, pp 13-20 (Newsletter of the Netherlands Cram anlre, 
edited hy S Broclhuizcn, 31 nminiparL. Wngeningcn, HolLind ) 
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laces, or strains, the appearance of new ones, and their disruptive effects 
in breeding are essentially similar— possibly with differences m degree— 
for all major groups of pathogens 

The development of sugar beets resistant to the virus curly top lias 
been mentioned previously as an illustration of a successful program 
It is known, however, that there are strains of tlie virus winch differ in 
virulence for diSerent varieties of beets and other plants and winch 
conform m general to the prmciples of physiologic speciahzation There 
are strains, such as the very virulent strain 11 — apparently present m 
small quantities and restricted localities— which can attach at least some, 
possibly all, of the resistant varieties (Giddings, 1954, Murphy et al , 
1959) These virus strains may not be disseminated as far and fast as 
wind borne fungi, but their existence constitutes a tlireat which must 
be taken into consideration m attempts to preserve past gams and to 
make future progress in sugar beet improvement 

The role of physiologic races of bacteria in breeding for resistance 
can be illustrated with ^treptomijces scahies, which causes common scab 
of potatoes At one time it was tliought that the production of scab 
resistant varieties was an easy and uncomplicated undertaking But 
Leach and associates (1939) showed that there were "pathogenic races’ 
within the species Schaal (1944) made an extensive study of the path- 
ogen and found essentially that the scab organism comprised a numerous 
and changing population of many biotypcs that differed m many char- 
acters, including pathogenicity for different varieties of potatoes 

There are physiologic races of some species of nematodes also Du- 
Cliarme and Birchfield (1956) demonstrated three races of the burrow- 
mg nematode Radop/ioltis similis One parasitizes citrus only, one para 
sitizes banana only, and another can parasitize both Selection and breed- 
ing for resistance to various nematodes have been m progress for some 
time, and the same kinds of difficulties are being encountered as in the 
breedmg for resistance to many fungus pathogens Thus the production 
of potatoes resistant to the golden nematode or potato root eelworm 
ffcferodcrfl rosfociuensis is complicated by the existence of races ( Jones, 
1957) Jones tested cysts from twenty different localities in Britain 
against resistant tuber Imes, and found that nematodes from at least one 
source reproduced successfully on all lines tested He suggests that 
resistance breaking biotypes” have “a fairly wide occurrence” m the 
United Kingdom Success has been attamed m some programs of breed- 
ing for resistance to nematodes The alfalfa varieties Nemastan and 
Lahontan, developed in the United States, are widely grown m the 
l\ock 7 Mountains area because of their resistance to tlie prevalent and 
destructive stem nematode Didjlcnchus dipsoci The breedmg for nema 
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tode resistance in Sweden is described by Bingefors (1957). Since 
physiologic races have already complicated some breeding programs, 
their possible importance in others needs thorough study. 


B. The Host 

1. Sources of Resistance to Pathogens 

There have been satisfactory sources of resistance to certain diseases 
within varieties of some kinds of crop plants. This has been con- 
spicuously true for wilt resistance of flax, yellows resistance in cabbage, 
and the other cases in whicli selection already has been successful. There 
apparently are not enough genes for resistance, however, in ordinary 
varieties of some of the cereal grains, sugar beets, potatoes, and others. 
This necessitates extensive search for the desired genes m cultivated 
crops or in their wild relatives. \Vliat is urgently needed is world collec- 
tions of varieties of many of the principal food and feed crops, with 
facilities for testing their reaction to diseases at appropriate places in all 
areas of the world where the crops are grown. In this way the varieties 
presumably are exposed to infection, sooner or later, by an adequate 
sample of pathogens. This extensive testing should be supplemented 
when necessary by bringing an adequate sample of pathogens to the 
most resistant varieties and using them to create heavy epidemics m 
isolated islands or other areas where conditions are always favorable 
for the development of the diseases in question and where there would 
be no danger of contaminating agricultural areas. Tin’s would be espe- 
cially desirable for such diseases as cereal rusts, late blight of potato, 
and many virus diseases. 

The possibility of finding resistance in wild relatives of crop plants 
has been explored to some extent, but much more intensive search is 
needed. It is known that there are important genes for resistance in wild 
potatoes, wild tomatoes, beets, sugarcane, and several other groups. 
The problem sometimes is to combine these genes with those for other 
desired characters in commercial varieties. According to Coons (1953), 
for example, Uiere are genes for immunity to Cercospora leaf spot and 
the virus curly top in some species of wild beets, sucli as Rcta patcUaris, 

B. prociimbens, and B. webbiana. Attempts are being made to incori>o- 
rate these genes for immunity into cultivated sugar beets, since the re- 
sistant varieties that have been developed fall considerably sliorl of 
immunity. Tlie difficulty so far, however, has been to obtain hybrids 
with survival ability. The search for genes in wild plants, where this is 
necessary, must be continued. But it is only the first step; ways must Ikj 
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found for overcoming obstacles to incorporating them into cultivated 

varieties . ^ . 

If satisfactory genes or combinations of genes for resistance cannot 
be found can they be created by radiations or other physicochemical 
methods? Some results (Konzak, 1954) suggest that it may be possible 
Radiation or other tools may he useful in breaking undesirable linkages 
or possibly in deleting inhibitors Present studies m ‘radiation genetics, 
and similar fields should be continued and amplified to determine the 
possibilities but in the present state of knowledge, reliance must still 
be placed on the principles of conventional genetics as a guide to 
breeding procedures 


2 Can Vaneftes Be Produced with Generalized Resistance against 
Pliysiologtc Races? 


It IS beyond the scope of this chapter to discuss wliat is known about 
die nature of resistance, except as it affects tbe production and main- 
tenance of resistant varieties Whether it will ever be possible to pro 
duce varieties with specific genes for resistance to all physiologic races 
of some pathogens such as the cereal rusts, late blight of potato, powdery 
mildews, and others, is a question which cannot be answered cate- 
gorically An mcreasing number of experienced investigators are becom 
ing agnostic There is an increasing tendency, therefore, to find or 
produce varieties with generalized resistance and tolerance to certain 
diseases Adult plant resistance, often called mature plant resistance, 
undoubtedly has been of some value in helping to protect certain wheat 
varieties against stem rust, and there appears to be what is commonly 
designated as field resistance in some varieties of potatoes In both 
cases the resistance is more or less effective against raany races Seme 
studies have been made to determine the characters associated with 
generalized resistance in wheat and potatoes, but the subject deserves 
much more thorough study 


It has already been pointed out that many varieties of wheat pro 
duced durmg the past 50 years, although far from immune, are much 
more resistant in the field than the varieties commonly grown before 
the resistant ones became available When varieties with generalized 
resistance and those without it are grown side by side m the field and 
inoculated uniformly with races to which both are susceptible m the 
seedling stage, it becomes clearly apparent that the susceptibility to 
infection differs greatly Tlie raho in number of pustules on the resistant 
and susceptible varieties may be 1 5 or 1 10 or even 1 20 relatively 
early m Uic season Tlie final amount of rust sometimes is the same, 
houever, if the varieties arc inoculated repeatedly over a long period 
of time Tins indicates that there is considerable resistance to entrance 
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of t ie pilhogcn, .iccordmgly, it tilci inorc inoculum and moio tniic to 
produce the same amount of rust on the resistant vaiicty than on a sus 
ceptible one In otlicr c.iscs the percent ige of uifection never is as high 
on a resistant variety as on the susceptible one, although the infection 
typo may be essentially (he same 

There ore known morphological characters in some wlieat varieties 
that affect the length of incubation period, the size of pustule, and pos- 
sibly Uie amount of damage caused by a given amount of rust The 
relative number and size of collcncliyma bundles m relation to tlie 
amount and distribution of woody scicrenchyma is known to affect the 
number, size, and speed of development of pustules At least a few 
varieties have hgnificd epidermis, which tends to lengthen the incuba 
tion period and reduce the size of pustules, as the epidermis is ruptured 
less easily tlian in those varieties vvhidi Jiave nonJigniiied epidermis 
Clearly, some varieties have combinations of characters that protect 
them reasonably well against stem rust under a wide range of condi- 
tions Varieties that have only specific resistance against individual rust 
races are of course at the mercy of those races to which they are sus- 
ceptible Thus, Kanred wheat, which is immune from a considerable 
number of races, is likely to be cillicr rust free m die field or completely 
susceptible, depending on the races present Certain oUier varieties, 
such as Newthatcb, not only have specific resistance to a number of 
physiologic races but also a generalized resistance that protects them to 
some degree against all races, although tlie combmafion of specific and 
generalized resistance is not suiRcient to protect agamst all races under 
all environmental conditions A thorough study is needed of all of the 
physiologic and morphologic characters that may be combmed to confer 
as high a degree of generalized resistance as possible agamst all physio 
logic races 

Some varieties apparently liave tolerance to certain diseases Thus, 
varieties may have the same percentage and apparent seventy of mfec 
tioii but may differ m the amount of damage which they suffer The 
nature of this tolerance is not well understood m most cases, but it is 
known to exist Breeding for resistance agamst individual races of path- 
ogens will continue for some time, but certainly every effort should be 
made also to combine all possible characters m a single variety tint 
may confer at least some degree of generalized resistance against all 
races of the pathogen 
3 Testing and Breeding Procedures 

The principles and procedures m breeding for disease resistance are 
essentially the same as those used m breedmg for other characters with 
one important exception In breedmg for disease resistance k'no\vIedge 
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IS required about the host plant, about the pithogen, and about the 
disease process The genetics, llie ecology, and the behavioristic physi 
ology of both the host and the patliogen should be known Moreover, it 
IS of the utmost importance to know the interactions between the two 
The disease process must be studied not only under one set of environ 
mental conditions but under many 

As a number of diseases often must be taken into consideration in 
breedmg for resistance, and as many of the pathogens comprise numer- 
ous physiologic races, the testmg of parental varieties and breeding lines 
against an adequate sample of the pathogens under an adequate sample 
of envuonmental conditions is a prerequisite to success m many cases 
One of the simplest ways of trying to assure adequate testing is to mam 
tain so called disease gardens in which parental materials and hybrid 
lines are tested agamst all important races of all important pathogens 
There have been many disappointments because parental materials and 
hybrid Imes were exposed only to natural infection m one or a few 
places \x of course difficult to he sure th'it samples of pathogens and 
environmental conditions are adequate but it is possible to try to collect 
infective materials of pathogens including as many races as possible, 
from different sources for use in creating artificial epidemics under con 
ditions that favor maximum disease development It sometimes is neces* 
sary to make duplicate plantings m disease gardens, because certain dis 
eases may interfere with the development of others Thus if many of 
the heads of a wheat variety are destroyed by smut it is difficult to 
determine the resistance to fusarial head blight Similarly if the varieties 
are moculated simultaneously with the bacterial black chaff organism 
and with the 'Fusaria causmg head blight, the results may be confusing 
As it is not possible to control environmental factors completely in 
the field, it is desirable to test critical materials in plant houses where 
temperature, light, and humidity can be controlled As it sometimes is 
necessary to wait several seasons before conditions m the field permit 
maximum development of certain diseases the probable seasonal effect 
must be predicted by testing materials under various combinations of 
conditions m plant houses 

It is common practice to test parental varieties and hybrid lines m 
several places in the hope of providing adequate samples of races of 
pathogens, of weather, and of soil conditions For special purposes it is 
highly desirable to make tests m areas where the weather is always 
favwablD for the development of the diseases m question To give one 
example, the United States Department of Agriculture has for several 
>ears tested presumably rust resistant varieties of wheat in Puerto Rico, 
wlierc the weather is f ivoriblc virtually every season for maximum stem 
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ust development These tests Inse been estremely useful b-cau^e p, 
emics of stem rust usu illy desclop when there is Puerto Rico weatlia 
m whe It growing ircrs but flus type of weither may prevail only m 
occasional years The tests in Puu to Rico tJierefore are really a preview 



Fig 9 Testmg seedl ng clones of potatoes for resistance to late bbght at Santa 
Elena Experiment Station Toiuca Mexico Many races of tlie late blight fungus are 
present in this disease garden or el mmation plot Most of the plants have been killed 
outright and only the most resistant have survived Plots such as tJiese in which 
heavy epidemics occur ire essential m making sure tJiat tliere have been adequate 
tests against an adequate sample of phys ologic races under cond f ons tl at penn t 
maximum disease development ( Ofiema de Eslud os Especiales Cooperat on between 
the Afexiean Ministry of Agr culture and the Rockefeller Foundation Photograph 
fum shed by the Rockefeller Foimdation) 


of what may happen to varieties when they have the greatest need of 
resistance This same prmciple can be applied with modifications of 
detail to many other pathogens (Fig 9) The testing of varieties should 
not be restricted by national boundaries international cooperation is of 
paramount importance in tlw development of resistant varieties 


4 The Synthesis of Resistant Varieties 

The synthesis of varieties m which disease resistance is an import int 
consideration is accomplished by means of relativelv stand irdizod pro 
cedures WJiere desiriblc varieties cannot be selected from evistnig 
populations of varieties it often is necessary to cross varieties whose 
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pimcipal vntue is disease resistance with varieties that have othoi out- 
standmg virtues In many cases it is necessary to utilize genes for resist- 
ance from a number of varieties The backcross method has been used 
with considerable success when it is desired to incorporate additional 
genes for resistance m an otherwise desirable variety Thus, Briggs 
(1938) successfully added genes for resistance to bunt and stem rust to 
Baart wheat which had so many desirable characters that it was 
desired to retain them By a system of backcrossmg, they were able to 
letain the prmcipal characters of Baart while incorporating genes for 
bunt resistance from the variety Martin and for stem lust resistance from 
tlic variety Hope The same system has been used with considerable 
success m other cases also 

Borlaug (1957, 1958) has suggested the use of multilineal wheat 
varieties to counteract tlie effects of changing popul itions of physiologic 
races of stem rust Several varieties, each with resistance to certain 
physiologic races, are used m a backcrossmg program with a common 
variety of desired type Thus several lines are produced which are similar 
in agronomic characters but which differ in resistance to individual 
physiologic races oi groups of races These are then mixed to form a 
composite or multilineal commercial variety The individual components 
of this multilineal variety are also grown separately, so that the per- 
centage composition of the variety can be changed from time to time 
as the populations of prevalent races change This method seems prom 
ising (1) because the relative percentage of each line in the variety 
can be shifted quickly to meet shifts in physiologic races, and (2) 
because the diverse population is likely to reduce the total rust potential 
m commercial fields, just as a mixed stand of susceptible and non- 
susceptible species is less vulnerable to attack than a pure stand of 
susceptible speaes 

Resistance is sometimes attained by budding or grafting A con 
spicuous example \s the development of Hevea rubber resistant to the 
destnictive leaf spot disease caused by Dothidella ulei Most of the veiy 
productive clones developed in Indonesia are extremely susceptible to 
the disease, but some individuals m native populations of Hevea in 
Soutli America are resistant As tlie high yielding clones are propagated 
by budding on scedlmg root stocks, the latex-bearing trunk of the tree 
his the lugh-yielding ability of the clone The leaves, however, are very 
susceptible to leaf spot, tlierefore the young trees are cut back and 
budded with buds from resistant native trees Thus, the roots came 
rom sccdlinp, the latex bearmg trunk from high yielding clones, ind 
the einovy bom disease resistant native trees Resistance to tlie virus 
InstL^ of oringcs Ins also been attained by budding on sour orange 
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stocks instead of sweet-orange stocks. Trees budded to the sw "Se 
stocks are highly susceptible to the tristeza, but those 
and certain other stocks are much more resistant, even though they 
may contain the virus. 

5. The Mode of Inheritance of Factors for Resistance 

It is difficult to generalize about the mode of inheritance of factors 

for resistance except to say 

Specific case. In his pioneer stu , cimnle recessive, 

resistance to yellow rust of might be universal, 

It was at first thought that this mo e considerable number 

but it is not. The immunity of t I" 

of races of wheat stem rust is u foptor uairs are involved; 

cases of resistance to stem some minor The 

tion with the genetics of bunt resis pathogen and many 

1957). There are many to checkmate them. In the 

wheat varieties have been jg^ggpuble varieties, many factors 

many crosses between resistant oinde factor was involved, witli 

apparently are involved. In some cases a footers for 

orwithout modifiers; in others there c„es. Factors 

resistance. Multiple factors have een effective against a single 

may be strong or weak, finked “ '"^Xhtos orfac^^^^^^^^ distance 
race or against ® ^others In resistant X resistant crosses, 

iLr be” nr:e^e^:Lm in some, there is transgressive 

^^^Szation regardi.^ 

specific cases. Each must p .distance varies greatly with 

rcX%-t Sld -rdmXL. and the way in which they are 

that comprise many , nnined by the ability of breeders o 

for disease resistance will be counteract the genes for 

find and combine gon‘=s ^ different genes for resistance arc often dis 
virulence in J^T^op plants and those for vin.lcnce o en 

—I — »•" 
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not an easy task to prognosticate the outcome of many breeding pro- 
grams Information is continually being accumulated about the genes 
for resistance, and some has been accumulated about the genes for 
Virulence, but much more is needed 

Much more needs to be known about the genetics of pathogens The 
writers prepared a brief summary m 1953 (Stakman and Christensen, 
1953) Flor (1954, 1956) has made an especially comprehensive study 
of vuulence in flax rust, Mehmpsora Unt, and of resistance m flax Flor 
suggested the presence in flax of a gene for susceptibility or resistance 
to match each gene for virulence or avuulence m the pathogen He 
obtained 30 lines of flax, each apparently homozygous for an individual 
gene that governs reaction to rust By using 18 of the lines as differential 
varieties, it was possible to distinguish 239 races of rust In crosses 
between races of rust it appeared that avirulence was dominant over 
virulence and that from one to three factor pairs were involved In 
crosses between resistant and susceptible varieties of flax, resistance was 
dominant and one to three factor pairs were involved According to 
Flor, varieties of flax that cany LL” genes are resistant to all North 
American races of rust More work of this kind is needed 

V Futuhe Prospects 

Progress m the future should be more rapid and more nearly 
permanent than in the past Many breeding programs must be inter 
national m scope to be successful, simply because different genes for 
resistance and for virulence may exist m different parts of the world 
Varieties with different genes for resistance must be assembled and then 
tested extensively in different geographical areas and intensively under 
optimum conditions for disease development Breadth of experimentation 
must be combined with intensity of research Facilities for both types 
of effort are being improved, but they must be expanded There must 
be facilities for more travel m order that all possible information may 
be obtamed from the international disease nurseries that are now grow- 
ing in number Large phytotrons are needed at strategic locations so 
that the most promising plant materials may be tested under necessary 
combinations of environmental conditions Appropriate elimination plots 
arc needed where plant materials can be assembled and exposed to 
infection by a world ^vlde collection of patliogens There must be much 
more intensive research on the genetics, ecology, and physiology of hosts 
and pathogens and on the nature and variability of disease resistance 
Tlicse things are prerequisite to most rapid and assured progress In the 
meantime progress is being made 

It IS possible tint attitudes must be changed It is entirely possible 
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tjuit a succession of varieties ma> have to be produced to control some 
dise.ises, as tlicie can be no assurance that new pithogcns or new races 
of old ones may not appear periodically to disrupt the status quo The 
important thing is to anticipate the cliangcs and prepare to meet them 
Even if permanent immunity is not attainable, practical field resistance 
or tolerance may reduce die destructiveness of many diseases Quality 
may sometimes have to be sacrificed m order to attain greater resistance 
and productivity, especially when the standard of quality is not based 
on real values 

If the efforts to produce resistant varieties are really intelligent, 
efficiently systematic, and world wide in scope, there is great promise 
for the future Above all, the lessons of the past must not be forgotten 
and many new ones must be learned in the future Progress m scientific 
attitudes and attainments can guarantee progress in the production of 
resistant varieties 
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Aphw citricidus, spread of tnsteza dis- 
ease of citrus, 112 
Aphis fabae 

multiplication on bean crops, 121 
spread of vims by, 119, 125, 126 
Aphis gossypii, vector of tnsteza virus, 
118 

Aphis nasiurtit, vector of potato vimses, 

117 

Apliropliora sorctogensw, on pines, 
spread of Chibnectna cucurbltula 
by. 111 

Aphinobacter stewartu, control by phage, 
525. 526 

Apothccia, puiBng m sporo discharge, 
143 
Apple 

diseases m transit and marketing, 886 
secondary epidemics m, 270 
Apple blotch, sanitation m control of, 
381 

Apple nisi, control by cedar eradication, 
420 

Apple scab 

census of infection, 308 
chemical control of, 90, 417 
epidemics of, source of moculum, 274 
forecasting of, 293 

Apple \ariclics, resistance to PoJasphacra 
leucolrlcha, 249 

Apneot, latent infection by Sderolhila 
fructlcola, 41 

Apricot mddew, control by eradication 
of Tlosa bonlsto, 383 
\qucous drench use m application 
water-soluble bioculcs, 151 
Armiffaria 

control by trrnclunK 393 
root rot of lea, prevention by land 
clearing incllwxls 378 
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Armillaria meUea 

antagonism by Tnchoderma viride 
454 

autonomous dispersal m soil, 60, 61 
control With carbon disulfide, 462 
538 

persistence m soil, 64 
m potato tubers, effect of inoculum 
size, 49, 50 

rhizomorphs, 5, 45, 48, 61 
secondary infection on walnut, 548 
Arthrobotnjs, m soil, 436 
Arthropod vectors, biological control of, 
419 

Arthropods, relation with viruses, 98 
Ascobolus tmmersus, spore discharge in, 
141 

Ascochyta, control m legume seed, 410 
Ascachyta ptsi, seed borne, 71, 72 
Ascomyceles, spore discharge in, 140 
Ascus 

method of bursting, in spore dis- 
charge, 141 
structure of, 140 
Aspergillus 

antagonistic action of, 532 
inhibition of growth of Rhabdttts biet> 
tspina, 550 

production of patulm in soil, 539 
spore size, factor m deposition, 212 
Aspergillus clavatus, antagonism of 
Phytophthora, damping off, 533 
Aspergillus nigcr, occurrence after soil 
treatment, 455 
Aster yellows virus 

occurrence on wild plants, 321 
protection phenomena in host, 550 
Atmosphere, turbulence of, in spore dis- 
persal, 173 

Aulacorthum solani, specificity m virus 
transmission, 100 
Autonomous dispersal, 12 
Azalea, control of Esohasidium japonf- 
cutn on, before crpoii, 33-1 
i\zotobactcr 

inhibition by SfnTitomyccs laicndulac, 

ISO 

nitrogen fixation by. 430 


B 

Bacillus cereus, m soil, 436 
Bacillus cereus var mycoides, hydrolysis 
of 2 4 dichlorophenoxyethyl sulfate, 
501 

Bacillus spp, antagonism by, 532, 534, 
545 

Bacdlus suhlilts, poisoning of Cephalo 
theemm, 436 

Backcross method, developing disease 
resistance, 578, 618 
Bictena 

content in air 221 
disease complexes with nematodes, 

553 

dispersal of, 24, 42, 98, 161 
effect on soil nutrients, 436 
hyperparasitism by, 523 
inactivation of fungicides by, 499 
infectivity titrations, 32 
insect transmission of, 107 
physiologic races of, 594, 611, 612 
phytopathogcnic phages of, 525 
resistance to soil biocides, 454 
symbiotic relationships with insect 
vectors, 108 

synergism with fungi, 547 
Bactenophago 

role in disease control, 525 
specificity of, 526 

Bacterium sp , 'intagonist of Pylhium, 

533 

Bactertum amylovorum, insect dispersal 
of, m 

Baclcrmm stcwarttl, survival in flea 
beetles in winter, 291 
Ballistosporcs, 151, 155 
Banana 

extract fnliibiting Clocosporium miu* 
arum, 41 

latent fnfcctfon by Clocosporium 
musaruni on fruit, fO 
Panama wilt of, control by iloodlng. 

115 

Barberry, and stem rust, 321, 552, 555, 

5S8 

Barley 

Iiot water seed trcalnient, control of 
smut, SO 
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suscepbbility oE varieties to Uelmin- 
thosponiim satioum, 591 
Barley seed, test for smut fungus con- 
tamimtion, 78 

Baiiieis, to spread of patbogens, 245, 

262, 314, 398 

Basidiomycetes, spore liberation in, 147 
Basidiospores 

discharge of, 149, 163 
structure of, 147 

Bean, root rot complex, control with 
nabam, 462 

Bean leaves, reaction with Bordeaux 
deposit, 496 
Bean mosaic virus 
seed borne, 71 

transmission by Phaseolus vulgarts 
seeds, 73 

Bean, seed, thiram as disinfectant for, 80 
Beer-Lambert law. analogy to inoculum 
intensity, 8 

Beet 

curly top virus, 105, 113, 118, 119, 

122 

epidemics of virus yellows 268 
virus diseases of, spread by winged 
aphids, 125 

Beetles, spread of oak wdt by 379 
Begonia, nematode infestation, heat 
therapy, 392 

Eemlsia spp , transmission of cassava 
mosaic virus, effect of leaf age, 119 
Benefit cost ratio, m use of disease fore- 
casts, 309 

Benzoic acid, use m postharvest treat- 
ments, 384 

j> Benzoqumone, decomposition by light, 
494 

Beta, wild species of, genes for immu 
nity to Cercospora, 613 
Beta manUma, source of sugar beet 
virus, 121 

Bctula, pollen, altitude of trapping, 188 
Big bud tomato virus, distnbution of, 
322 

Big vein virus of lettuce, soil bome, 63 
Biocides 

application to soil, 463, 484 
biological degradation m soil, 447 
bonding in soil, 443 


chemical reaction in soil, 411 
interactions witli sod, 440, 443, 451, 
468 

physicochemical properties of, 158 
soil, classification of, 158, 159, 461 
sorption by soil, 110, 143 
volatile, 449, 459, 460 
diffusion of, 118, 419 
Biological control, effect on reproduc- 
tion of inoculum, 17, 18 
Biophasc, changes in cquihbnuin of, 468 
Biotypes, of pathogens, 595, 599, C02, 
605 

Birch decline, destructiveness of, 327 
Birds, spread of pathogens by, 100 
chestnut blight, 252, 256, 316 
Black chaff, bacterial, determining re- 
sistance to, 616 

Black cunant reversion virus, 101, 325 
Black rot 

grapes, sanitation m control of, 381 
sweet potatoes, control by borax dip, 
384 

Black spot, roses, effect of growth habit 
on susceptibility to, 375 
Blastophaga psenes, transmission of 
Fusanum monthforme var fid, 109 
Bhnd-seed disease, perennial rye grass, 
cultural control methods, 377 
Bhslcr rust, introduction of, 315 
Blue mold, m produce in transit, 386 
Blue stain fungi, role of mites m spread 
of. 101 

Bonding, types of, m soil, 440 
Borax, control of black rot of sweet 
potatoes by, 384 
Bordeaux mixture 

action of carbon dioxide with, 494 
aging of, 489 

deposition on leaves, role of concen- 
tration, 482 

protection of potato, effect of ram 
484 

reaction of deposit with bean leaves, 
496 

tenacity of, 489 

toxicity to rust spores, m vitro, 496 
use on apple, control of Venfnna in- 
acqualts, 88 



SUBJECT INDE’S 


643 


Boron, effect on penicillin produebon, 
510 

Botnjtis, control on strawberry by myco 
statin, 384 

Botrytis anthophila, spread by bees, 109 
Botnjtis cmerea 

effect of nulrfents on spore infectivity, 
39 

m decaying plant parts, 85 
micebon in relation to inoculum po- 
tential, 40 

inhibition of infection, b/ antagonists, 
545 

invasion of senescent tissues, 39 
persistence in host in storage, 85 
Seed contamination by, 78, 80 
spore bberation, by wind> 
viabibty on flax seed, 76 
Botryfis fabae 

on beans, effect on infect'on by Uro 
myces fabae, 547 
chocolate spot disease of beans, 40 
control on broad beans, systemic ac 
tion of caplan, 485 
on Victa faba, infectivity titrations, 37 
Bracket polypores, spore bberation in, 
150 

Breeding, resistant varieties, 557 
epidemiological view, 247 
future prospects, 620 
procedures, 615 

Brevicoryne brassicae, transfnission of 
viruses, effect of leaf agA ^^5 
"Bromine, plants sensitive to, 

Brown rot 

apricot, control of, 41 
potato, control by soil pli changes, 
416 

stone fruits, sanitation m control ot. 

Brown spot needle blight, 
control of, 376 

Brownian motion, Einstein’s la*'' 
Brunauer-Emniett-Teller isothen”. 

sorption of fumigants, 511 
Budding, use m obtaining disc^'° resist- 
ance 6IS , , 

Buffer crop, cultural control mctliod, 

422 

Dulb-bomc diseases, control of. 88 


Bunt 

races of, 589 

role of host nutrient supply, 391 
wheat 

inheritance of resistance to, 619 
spore load of, 3 

Burning, reduction of disease damage 
by, 376 

C 

Cabbage 

sanitation m control of virus diseases 
of, 400 

selection for resistance to yellows, 576 
virus free seed, production of, 382 
Cabbage black rmg spot virus 

in cauliflower, control by barrier crop, 
262 

infection m relation to plant size, 278 
Cabbage yellows, resistance to, effect 
of temperature, 576 
Cacao, swollen shoot virus, 105, 230, 

262, 263, 267 

Cactobrosts femaldtahs, vector of Erwmta 
camegteona, 108 

Calcium, soil, effect of soil treatment 
on, 452 

Calcium carbonate, formulation of fungi- 
cides with, 498 

Calcium cyanamide, role in bunt con- 
trol, 392 

Calcium cyanide, defoliation of cotton 
by, 380 

'iitsatA, vJfi, 'o, of. s/.aJA. 

smut of rye, 392 

Calocera cornea, spore discharge in, 148 
Calvatta gtgantea, number of spores pro- 
duced, 208 
Canker, bacterial 

elimination from tomato seed, 395 
stone fruits, control by defoliation, 3S0 
Cantaloupe mosaic, in melons, effect of 
aphid population on, 113 
Captan 

deposits of, 485, 4S6 
seed treatment uith, 514 
soil fungicide, 463, 504 
>>stcmic action of, 4S3 
Cu'bob>drates, effect on antibiotic pro- 
duction, 540 
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Carbou dioxide 

atmospheric, reaction with fimgiudcs, 

494 

citrus treatment with, 385 
Carbon disulfide 

diffusion m soil, 448 
reactions m soil, 445 
soil treatment, 433, 438, 453, 456, 
463, 538 

Carnation wilt, effect of root hnot nema- 
todes on incidence of, 103 
Carnations 

decline of, sequence of infections, 548 
inspection for export, 334 
Caiiicis, svmptomfcss, as source ot' in- 
oculum, 52 

Carrot motley dwarf virus, Caoariella 
aegopodii as vector of, 114 
Caryophyllaccae, insect transmission of 
UiUlagfl vujlacca to, 109 
Cassava infection with mosaic virus by 
Bemisia spp , effect of leaf age, 119 
Castanca, resistance to chestnut blight, 
310, 317 

Casuartna cquisclifolla, uso as wind 
break, 422 

Cations, sorption in soil, 443 
Cauliflower mosaic virus 
control by barriers, 245, 202 
infection m relation to plant size, 278 
spread of, 237, 2QQ 
transmission of, 110, 118, 120 
Cavartclla ocgopotlfi, vector of carrot 
motley dwarf virus, 114 
Celery mosaic virus, from weeds in 
celery fields, 2G5 

Celery seed, storage as control measure, 
SeptoHa apii, 82 

Celery yellow spot vims, transmfssiori 
of, 122 

Cellulose, degradation by soil organisms 
450 

Ccp/wlodicciiiin, antagonism of Ilclmin. 
tliospoTium, 430 

CcpItalolUccium rostum, antagonists of 
535 

CcrntiHs spp, control on ships, 330 
Ctratocvitls, spore discharge m, 14^ 
110 


Ceralocyitk {dgncuirum, on o iks, spread 
of, 231 

CcratoitomcUa fimhnata, control of dis- 
ease complex with ncmalodts, 401 
CcratoitomcUd (= CctatocuiUs) uliui 
Dutch elm disease, introduction of. 
317 

forecast of spread of, 299 
infection gradients, 253, 254 
traixsmissioii by barV. beetles, 110, 
112, 127 

Cercospora, genes for immunity to, m 
wild beets, 013 

Cercospora caribac, pathogen on manioc, 
548 

Cercospora henningsit, pathogen on 
manioc, 518 
Cereal diseases 
clfcct of seeding rates, 395 
reduction of, selection of planting 
times, 402 

Cereal seed, organo mercury compounds 
as disinfectants on, 80 
Cereal yellow dwarf virus, 122, 321 
Cereals 

effect of ago on susceptibility to yel- 
low dwarf vims, 119 
methods of disease control, 3B9 
quarantine requirements for, 346 
restrictions on importing, 324 
rust resistant, in control of rust, 320 
Certificate 

for export consignment, adoption of> 
350 

phytosamtary, requirements of, 327 
Certification and inspection, require- 
ments for, modern ordinance, 347 
Certification 

freedom from disease, 91, 323, 412 
fmit plants, 411 
national, 333 

potatoes, field inspection, 333 
Chactomium, 140, 437, 544 
Charge, electrostatic, and deposition of 
fungicides, 478 

Chelation, inactivation of fungicides by, 
495 

Chemicals 

history of soil treatment with, 455 
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movement in soil, effect of soil mois 
ture on, 449 
Chemotherapy 

in decontammation, 88 
effect on reproduction of inoculum, 17 
Chemotropism, pathogens for host, 13 
Chenopodium spp , hosts of beet yellows 
virus, 121 

Chestnut blight, Endothia paranttca, m- 
troduction of, 316 

Chtlonectria cucurbitula, spread by 
Aphrophora saratogensts, m pines, 
110 , 111 

Chloranil, 493, 494, 515 
Chloranihc acid, from hydrolysis of 
chloranil, 515 

Chlormation, use agamst fungi, 418 
1 Chloro 3 bromopropene 
reactions in soil, 445 
soil fungicide, 457 
Chloromycetin, 539, 541, 542 

Chloronitrobenzenes. fungicidal proper- 
ties, soil, 457 

3 Chlorophenyl 5 methyl rhodanine, 446, 


458, 460 
Chloropicrm 

diffusion in soil, 448, 449, 450 
soil treatment with, 433, 438, 453, 
454, 456 

use of water seal, 510 
sorption m relation to soil particle 
size, 442 

Chlorotic streak, heal ihenpy of sugar 
cane stock against, 393 
Chocolate spot, bca„s, fabae as 

cause of, 40 c o # n* 

Chronwbactcrnim, antagonist of Bolrytts 


etnerea, 545 , e . . ^ 

Cl.r>-santhcn.u,n. nctalodo lufontion. 

heat therapy. 302 
CiciJa, transimssion of pcacli } 

CicaJiXu iiiiila, Irausn.iss.on of tnalM 

Streak \inrs, 100 , . 

CIcchobohs spp, h>i^rp.aras.tc5 on 

powdery mildewy 5— 

Cmwat. ^-etl .nf.-etu..., loa«>» 
tixl wilt aims. 33S 
Cia/rae//a wbuulu^. at 

ftMul, 52S 


Ctrculifcr tcnellus, Iransniission of beet 
curly top virus, 104, 116, 122 
Citrus 

prestorage treatments of 385 
psorosis of, 231, 247 
tristcza, 276 
Citrus canker, 316, 382 
Citrus nematodes, control with Nema 
gon, 510 

Citrus viruses, avoiding by use of 
nucellar seedlings, 413 
Cladosporium aeciducola, parasitic on 
Puccmia compicua, 523 
CladospoTium fulvum, spore liberation, 
by wind, 160 

Cladosporxum herbanim antagonistic ac- 
tion of, 533, 546 
Clavacin, stability in soil, 541 
Claviceps purpurea, 70, 72 111, 293 
Clay, soil, sorption on, 1 11 
Climate, effect of 

on movement, wingless aphids, 126 
on rust epipbyfoUcs, 286 
on seed contamination 74 
on spread of seed borne pathogens 83 
on vector populations 111 115 
Clones 

effect of age on epidemics in, 275 
genetic uniformity in, 277 
selection for ccruficalion, 333 
Clostridium tctanl, role of toxin in 
tetanus disease syndrome, 30 
Cliibroot, cabbage, 311 102 
Coccomyccs btcmalls, contnil with atli- 
diono (cjclohcximido), 417 
Cockroaches, import ition by ph>si- 
ologists, 330 

Coffee, geographic locUioii of protliie- 
tion of, 398 

Coffee raist, ihsco\ cry of, 32 1 
Colcoptcra, in>cophagoii«, 327 
CoIlcnch>nu, relation to Klcrrjuh)ai^. 

wheat, dfctl on mvt ptwtulrr. 015 
CoUitotnehum ghw/iork ulrt. 

b> acti»om>ctlci, 532 
ColUtatrkltum li. 103 45 > 

C**/!*/ itfichuwi liiuUmulhu^iiUiTt. «{»‘re 
Ut«i>rrul b> rain >pIavJi, IW 
ColktvtrUitini bnu.Jo, 71 72, *0 
532 
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Collctotrichum trifoln, rcsislnncc of rtd 
clover to, 577 

Collybia radicata, spore discharge by, 
153 

Colorado potato beetle 
control of, 328, 338, 351, 382 
local quarantine against, 331 
spread m Europe, 314 
Commelma, source of cucumber mosaic 
virus, 264, 268 
Complex diseases, virus, 554 
Compost, dispersal of plant pathogens 
by, 8S 

Conidiobolus, conidium discharge in, 148 
Conidwholus villosus, see Enlomoph- 
thora coronata 
Conifers 

brown- and blue stain diseases, trans- 
mission by bark beetles, 110 
import of seeds of, 339 
Comothyrium mmifarw, parasitism of 
sclerotia by, 525 

Contum maculatum, transmission of 
celery yellow spot virus from, 122 
Consignment, plants, reiection at m- 
port, 353 

Consulate visas, with phytosanitary cer- 
tificates, 354 

Contact angle sprays with leaves 480 
Contamination m nursery practices, 277 
Control 

biological, of diseases, S21 
disease 
cost of, 328 

cultural practices in, 17, 357 
measures affecting the inoculum, 16, 
17, 20 

in populations, 2 

pathogens with wide host range, 570 
strategy of, 17 

Copper, solubilizing of, by spores of 
Ncuraspora sitophth, 495 
Copper fungicides, effect of stickers on 
toxicity of, 489 
Copper sulfate, uso of 
posthancst licalments, 384 
wil fungicide, 462 

Cordjjccps nuhlaTis, spore discharge m 
115 


Cum 

cross-pollinattd, Piicclma pohjiora in- 
fection m, 282 

role of absorption of aluminum m 
root rot of, 392 

sweet, forecasting of baclcrnl wilt in, 
291 

Coni borer, 110, 332 
Corticium jihiinentosa, periodicity in 
spore liberation, 163 
Corttctum ialmonicolor, reduction m 
rubber, plant spacing, 396 
Corynebaclcrtuiu, disease complexes 
with nematodes, 102, 553 
Coryiicbacfcrium ttalicum, metabolism 
of hydrocarbons, 499 
Conjncbacterium mtehiganense, 71, 100 
CorynebacteTtum sepedontcum, 85, 80, 
99, 277, 298, 332 

Coryncbflctcrmm simplex, metabolism of 
pesticides, 500 

Corynehactenum tntici, association with 
Angijtna tnttet, 102 
Cotton 

defoliation by calcium cyanide, 380 
root rot, control of, 398, 462 
Cotton seed 

heat therapy against bacterial will, 
392 

survival of Collctotrichum gossipii on, 
405 

Coulombic forces, in sorption by soil, 
441 

Coverage of plants by sprays, 484 
Cowpeas planting times avoiding dis- 
ease, 401 
Cranberry 

flooding in disease control, 415 
fruit rots of, forecasts of postharvest 
conditions, 383 

prevention of leaf drop in, 395 
“Cntical * distance, from source of 
spores, 206 
Cronartium nbicola 

multiplication between alternate hosts 
241 

spore dispersal, 198 
spread of, 314, 315 

Crop improvement, by plant introduc- 
tion, 573 
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Crop jnspecbon, m delectmg seed con- 
tamination, 77 

Crop perimeters, effect on incidence of 
virus disease, 121 

Crop placement, disease control meas- 
ure, 397 

Crop residues dispersal of inoculum on 
14 

Crop response, relation to soil treat- 
ment, 433 
Crop rotation 

disease control measure, 64, 318, 319, 
405 407 

host varieties, 408 
importance of weed control m, 51 
Crop sequences, in disease control 405 
Crop value, factor in cultural disease 
control, 364 

Crop varieties, use of disease- and pesl- 
resistance, 388 
Crops 

disease resistance in wild species of, 
613 

geographic location of, 398 
planting out of season 398 
Cross protection, plant viruses, 394 
Crotonic acid, effect on occurrence of 
Fusaoom solani m soil, 500 
Crowding, epidemic aspects of, 262 263 
Crown rust, oats, relation ^vith host 
varieties, 588 

Cucumber mosaic virus 106, 264, 268 
Cucumber ivilt, dispersal by insects, 98 
Cucumis virus i, in Daphne, 333 
Culpoda, inhibition of Verticdhum 
dahUac, 528 

Cultural control of disease, 357, 359, 

360, 301, 360, 367, 368, 369 423 
Culture filtrates, inhibitory action of, 531 
Cupnc oxide, addilncs to improve rc- 
tentneness, 459 

Cupnc sulfate, toxicity to nist spores, 
m Vitro, i06 

Cuprous oxide, acdon of mnd on de- 
posits of, 480 

Curly lop vnnis, 421, 550, 577, 012 
Currant, eradication of. control of white 
pine blister rust, 382 
Cuscuta tnfoUS. occurrence with clover 
seed, 70, 71 


Cyano(methyImercuri )guanidine, Pano- 
gen, distribution on seed, 516 
Cycloheximide, 417, 463 
Cylmdrocarpon didymum, antagonistic 
action of, 533 

Cymhidium mosaic virus, spread by cut- 
ting knives, 99 

Cysts golden nematode, washing pota- 
toes for removal of, 319 

D 

2,4 D 

conversion of 2,4 dichlorophcnoxyctliyl 
sulfate to, 501 

on tomatoes, effect on soil antagonists 
538 

Dactylella, in soil, 436 
Dacttjlella spermatophage, parasitic on 
oospores, 525 

Daciylts glomerata, resistance to Vuc 
cinut glumarum, 577 
Dacus olcae symbiotic relationship 
with bacteria 108 
Daldxma conceninca, spore discharge in, 

162, 165, 208 
D-tmping off 
control of, 397, 462 
pathogens causuig 
depth of occurrence m soiN, 439 
reinvasion of treated soils, 45-1 
Pythium uUtmtim as cause of, GO 
Dandelion yellow mosaic virus, vector 
specificity in tran<antssion of, 100 
Daphne, mosaic virvs in, 333 
Darluca filum, liypcrparasitc, nists, 522 
Datura stramonium, in virus studies, 87, 

105 

D D mixture, 133, 138, 148, 450, 153, 

451. 157, 161 
DDT 

stability of, effect of soil l>pc, 505 
uso In vector control. 119 
weathering of dtiwsits of. IS6. IS7 
Decane. dcgradition l»y CoryiulMcii'- 
nurn i/allcum, iOO 
Di-ca>, produce m carload*. 3S6 
Decontamination 

plant dr bn*, 90 

planting itocl* and plw t product*. 59 
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Deflocculation, iungicicJes, use o£ dis- 
persing agent, 487 

Dcfobition, reduction of disease by, 380 
Degradation, biological, of toxicants in 
soil, 447 

Delia anftqua, transmission of patho- 
gens of soft rot, 107 
Delia sp , symbioUc lelation with Er- 
tyinia atroseplicd, on potato, 108 
Demeton, aphid control in potatoes, 125 
Dendroctonus spp , transmission of 

brown- and blue-stain diseases, 110 
Deposition 

spores, 8, 15, 196, 212, 213 
sprays, 478, 481 

Dermatophytes, treatment against, 394 
Destruction of inoculum, strategy of, 20 
Detergents, adsorption in soil, 443 
Detoxification 
antibiotics, m soils, 541 
fungicides, by microoigamsms, 499 
D<?ufcro«rimt/i»s hicmctus var tepanda, 
predator of fungi, 523 
Dibotryon morbosutn, parasitism by 
Tficliodiccium Toscum, 523 
Dibromobutcnc, soil fungicide, 458 

1.2- Dibromo-3-chloropropanc, 444, 445, 

150, 458, 161, 508 
Dichlone, 183, 492, 493, 514 
p Dichlorobcnzcnc, effect on reproduc- 
tion of inoculum, 17 
l,l-Dichloro-2-butcne, 445, 462 

2.3- Didilori>-l,4 ddiydroxyn^pUtU'ilcac, 

rcdiiction product of dichlonc, 493 
2,3 Dicbloro-l,4-napbtbo<iuinonc, 
dicliloiic, 183 
rctluction product, 10-3 

2.1 Dtcb1oropbcnas)clli)l sulfate, con- 

\crsion to 2,1-D, 501 
Dnblorophcnyl dictUyl phosplMWOtUio- 
atc. 153, 4G3 

1,3 DicWoropiopcnc, 115, 110 

3.1 Dlch1un)ttlrab>'drolb!ophcnc l,I-dt- 

oikk, ncuulocldc, 462, 505, 508 
Diffusbti 

bicxrtdct III soil, 117, 119 
fuintwiits in soil, pattini and xpeed 
of, 130 

pfuiuwuW, detlvilltirt of cipiation for, 
191 


Diffusion coefficient, fumigant in soil, 

509 

Ddophospora alopecun, association with 
Anguma tnttet, 102 

3,5-DimethyItetrabydro-l,3,5,2H-thia- 

diazine-2-thione, mylone, 446, 460, 
506 

2^4-Diftitto-o-ciesol, 417, 500 
2,4-DimtrophenoI, degradation by 
Corynehactenum simplex, 500 
Dtobrotica duodecimpunctata, transmis- 
sion of Erwinta tracheiphila, 108 
Dtobrotica oittata, transmission of Ef- 
ujinia trachciphtla, 108 
Dtplocarpon rosae, dispersal by affected 
rose leaves, 85 

Diplodta natalensis, control on citrus, 

385 

Discomycetes, spore discharge of, 141 
Disease 

ago and susceptibility to, 403 
annual variation in amount of, 809 
control of 

appbcation of growth substances, 
894 

biological measures, 557 
feasibility, 571 
in forestry, 274 

measures affecting moculum, 409 
definition of, 359 

dispersal by insects, geographical dis- 
tribution, 112 

distrvbuitum u5, effect of Tfjoisturc, 099 
effect of pattern of farming on, 261, 
269 

estimation of, m small plots, 270 
indigenous crops, endemic nature of, 
260 

influence of sod reaction on, 392 
intercontinental dispersal, man as 
.agent of, 223 
mlToduction of, 314 
losses from, evaluation, 328 
mathematical theory of, pnor to cpi- 
dcniic onset, 238 
muUipUcation rate 
estimation of, 237 
importance in epidemics, 235, 251 
nunpatbogtnlc, postharvest. 380 
outbreaks of. 2-J5, 291, 321 
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percentage of, relation to number of 
plants, 279 

predisposition to, weather and path- 
ogen relations, 568 
prevalence of, effect of type of propa- 
gation, 280 

relation to vegetative propagation in 
nature, 277 

severity of, relation to distance from 
source, 299 
spread of 

effect of host distribution, 260 
topographic harriers, 398 
symptoms of, production by Coxm m 
vim, 36 

systemic, 237, 278, 302 
control by sanitation, 247 
transmission by vegetative propa- 
gation, 275 

therapy measures against, 372, 393 
tolerance to, 615 
weather effects on, 296, 399 
vectors of, effect of crop changes on, 
113 

Disease exchange, followmg soil treat- 
ments, 455 

Disease free propagating stoch, methods 
of production, 411 

Disease-free seed, production of, 410 
Disease gardens, testing for resistance, 
616 

Disease gradient 
expression of, 9 
sigmficance of, 269 
"Disease hazard' maps 399 
‘ Disease pronencss,” role of c^tcrml in- 
fluences, 372 
Disease tempo 

cycles of infection, 303 
Peronospora tahacina. 306 
Diseases 

complex associations in, 548, 552 
legal restrictions, 325, 341, 315 
Disinfection 

wil, SO, 339, 510 
seed potatoes, C9 

in transport of plant materials, 88, 

338, 310, 353 

Disodtum clli>Iencl«< (dithlocirharoale), 
naham. 140, 103 


Dispersal 

autonomous, 12, 58, 59, 66, 68, 69, 
86 

definition of, 178 
pathogens, 11, 12, 99, 320 
prevention of, 76, 90 
propagules, use of exchange coeffi- 
cient, 177 

spores, 137, 170, 173 
differential equation for, 179 
evolution of size, 42 
Dispersal of inoculum, 5, 6, 11, 12, 14, 
15, 16 

Dispersal of inoculum 
aerodynamic aspects of 15 
m air, 14, 169 
by water, 13 169 

Dispersing agent, dcflocculatjon of fungi- 
cides, 487 

Dithiocarbamntcs, activity of, 445 
Dttijhnchus dtpsaci, 325, 612 
Diuron herbicide, soil penetration md 
solubility, 507 

Dodder, occurrence with seed, 82 
Dothidella utei, Hevea rubber resistant 
to, 618 

Double cross, wheat varietal hybrids, 581 
Doublets, infected plants, test for 
spread of disease, 243 
Dowcidc, postharsest treatment with, 

385 

Downy mildews 

cultural control methods, 377 
diumal periodicity, discharge of con- 
idia, 166 

spore liberation, by umd, 160 
Drop size, spra>s, 4S0 
Duration of flii,ht, spores, equation of, 

190 

Duster, electrostatic, for fungicides, 179 
Dutch cim disease 

annual infection of elms, effect of in- 
secticides on, 33t 

CcralostomcUa uhn!, introduction of. 

3ir 

infection gradients of, 2>3. 25i. 258 
seasonal sariation m mfrctum 119 
spread of 

effect of Mind, 127 
role of mites, 101 
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Dwarf miitletoe control measures m 
conifers, 376 
Dyrene, 497, 503, 504 
Dysdercus spp , transmission of Nema- 
tospora gossypu, 109 

E 

Eastern X virus, spread from choke- 
cherry to peach, 241 
Eclepic acid, secretion by plants, 551 
‘Effective inoculum,’ definition of, 24 
Einstein’s law, Brownian motion, 194 
Elms 

occurrence of cViestnut blight in, 316, 

317 

resistance to Dutch elm disease, 317 
Elsinoe ampehna, control with ferrous 
sulfate, 88 

Embargoes, in disease control, 317, 318, 
331 

End velocity, spore cloud, equation for, 

210 

Endoeomdiophara iaQacearum 
role of roots m spread of. 299 
spread by beetles, 112, 113 
Etidoiliia parasitica, 15, 100, 144, 162, 
252, 316 

Energy of growth, of pathogen, as in- 
oculum potential, 28 
Cntomophthora coronafa, spore dis- 
charge in, effect of turgidity, 157 
Environment 

effects on rate of inultiphcition of 
disease, 230 

linportanco in discisc development, 
300, 371 
Tolo of 

in host defenses, 371 
In nutnllonal effects on host, 391 
In spore ph>ssolog>, 373 
in testing host for disease resistance, 
010 

Eplchhe iyplima, spore discharge in, 
163 

Epidemic pomt, m crowding plants, 202 
Epidemics 

annual crops, 271, 272 
annual nesv giowth, pttinnlals, 273 
utificial. Olfl 


bactenal, relation to occurrence of 

rmn, 297 

control of, 231, 521 
development of, equations for, 231, 
235, 244 

expcnmentil plots, 270 
foiccastmg of, 3, 237, 245, 310 
amount of inoculum, 246 
quantitative considerations, 292 
nature of, 3, 230, 232 
onset of, 234, 238, 245 
perennial tissues, 274 
relation to distribution of host plants, 
280, 269 

rise of inoculum potential during, 28 
tolo of temperature in, 304 
rule of sanitation, 246 
scale of distance m, 256 
secondary, 248, 249 
soil borne pathogens, weather rela- 
tions, 303 

source of, 83, 122, 282 
spraying at onset of, 233 
spread of, 250 

effect of host size and distance be 
tween hosts, 260 
law of lesion size, 259 
role of distance from inoculum, 252 
systemic diseases relation to density 
of planting, 278 

vegetatively propagated material, 275 
Epidemiology, 127, 175, 177, 179, 191, 
235, 299, 374 

Epidermis lignified, effect on rust pus- 
tules, wheat, 615 

Emdicahon. in disease control, 19, 320, 
380, 383, 417, 419, 420 
Ergot, 82, 293 

Criotschia brassica, transmission of Er- 
U/inla corotopora, 107 
Erosion, soil, role m spread of patho- 
gens, GO 

Erainia spp , phages of, 525 
Erttinta amylotora, dispersal by bees 
and wasps, 103, 107 
Erttvtia atrosepttca, 108, 520 
Eru-mta carncetcana, transmission by 
Coctohrosii fcruoUiahs, 108 
Erttirtiu carotot.ora. 107, 115, 520 
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Ertitnia phytophthora, transmission by 
cutting Jcnives, 277 

Enutnwj trachetphila, transmission by 
beetles, 108 

Erwima tumefaciens, on raspberry 
canes control with organo mercu 
rials, 88 

Erwmta uredmiolyiica, hyperparasilism 
by, 528 

Erysiphales, spore liberation m, 146 
Erystphe gramims 
host specnlization of 594, 595 
parasitism by Ctcctnobolus cesattt, 522 
spore dispersal of, 165, 208 215 
Erysiphe pohjgom 
diurnal cycle, spore liberation, 165 
resistance of red clover to, 577 
Esters, aromatic, postharvest accumula- 
tion m produce, 386 
Etch virus, protection phenomena in 
host, ^8 

Ethylene dibromidc 
control of disease complexes 461 
diffusion in soil, 449, 508, 509, 510 
interaction with monlmonllonites, 513 
nematocide, 444 457, 461 
reactions in soil 445 
sorption in soil, 441, 512 
Ethylene dnsolhiocyanile oxidation of 
nabam to 493 

Ethylene gas use m defoliation, 380 
Ethylcnethmrim inonosulHdc, oxidation 
of nabam to, 493 
Eurotium, spore discharge »n, 140 
Exchange coefiicicnt, turbulent move 
roent m ilmosplicrc 177 
Exobastdnim japomeum, control on 
Azalea, before export, 331 
Exocortis, sweet orange, role of infected 
nursery stock, 276, 277 
Export, hcaltli certification, 01 
Expulsion, spores, oquilihnuin with 
deposition, 213 

Extracts, inhibitory to fiuigi, in fnnt, II 

F 

Pall velocit), force in sixire dcpovitiun, 

209 

laity acub. oxldituin li> Coryn* 
fium itu/iciim, ly) 


Fenuron, herbicide, soil penetration and 
solubility, 507 

Ferrous sulfate, control of Elsxnoo am 
pehna^ 88 

Fertilizers, effect on disease, 391 536 
Field resistance, reduction of disease 
destructiveness by, 621 
Field Size, effect on epidemics, 264, 266 
268, 269 

Fig mosaic virus, transmission by miles 
101 

Firing, heat treatment, soil, 414 
Flag smut, control of, stubble burning 
381 

Flax 

bacterial inoculation of seed effect on 
pathogens, 543 

resistance to Mchmpsora Uni rthUoi} 
to genes for virulence 620 
seed homo pathogens of, 76 77 78 
82 

Ulster method for pathogens in seed 
78 

Flax rust, occurrence wiih seed 82 
FKx seed 

effect of environment on contamini 
tion, 79 

health survey, CoUctotnehum Unicola 
contamination, 81 
ihiram as dismfcctant for, 80 
FIix wiJt, genes for rcsislmco to, 575 
genes for rcsistmce to, 575 
pathogenicity of isolates of, 590 
Pica beetles, winter survival of liaefi 
num siciiartii in, 2&I 
Plight altitude, xporcs, equation of, 1S7 
1 looding sod treatment b>, 115 
1 nuoro-2,4-dinitrol>cnzcnc, 503, 505 
Foliage, persistence of insecticides on 
191 

Folngo diseases aiJhiral control mrth 
ods, 373, 359 
Fomet antiojur 250 537 
Fomca /ignomr, artifkial (ixKuIjlkm 
with. 27, 49 

Foot and mouth dlieave ijurad on 
straw, 320 

Forecasting. UK-fw’nrvs tJ 31^ 

^l>lrcavts 
diwair 256 -^17 
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epidemics, 245 

amount of inoculum, 246 
quantitative evaluation, 202, 
requirements of, 306 
Forest insects, “preventive control* of, 

362 

Forest management, role m control of 
wViite pmc weevil, 368 
roicst tree seedlings, prevention of heat 
injury, 395 

Forest windhrealvS, use in disease con- 
trol, 422 

Foteslty, disease control m, 274 
Formaldehyde 

control of pathogens with, 88, 433, 
456, 460 

disinfection of potato tubers, 88 
hydrolytic product of mylone, 506 
soil penetration, 448 
Tricliodcrma wide m soil treated 
with, 453, 454 

rroguno braciala, indicator for virus- 
free plants, 412 

Frogario vcscfl, use in grafting for virus 
testing, 87 

rtcnchlng, tobacco, caused by nutn- 
lional imbalance. 359 
Pfuits, disease control by spraying, 389 
Fumigants 

diffusion m soik, 448, 450, 508, 510 
cradicant, 101 

organic mercury, seed disinfection 
with, 516 

sorption of, 412, 511, 513 
Fumigation, supcrsision of, 345 ) 

Fungi 

aU Iwmc, 21, 299 
control by heat therapy, 392 
do -spore, spore dispersal In, 160 
Iintlhalion of fungicides h), 409 
Invxt transmission of, jqq oqq 
iirnutoslcs as sectors of 533 
turasitie on ncnulmlci, g-g 
plqsiologlc races of, S 9-1 
»>aK-rgiMn. 517 
toiUity of bifxidcs to, 43 J 
fonsls-ldrs 

4.U,ll>r. l.> 111 , prove liliiiilvriiev.. 18 
riaitkuii uf, |r)'s 


copper, effect of proteins on toxicity 

of, 496 

deposition of, 478, 482 

effects on antagonistic saprophytes, 

546 

evaluation of, m small plots, 270 
formulation as hydrated gels, 489 
fumigant action of, 491 
hydrolysis in solution, 495 
inactivation by chelation, 495 
mteractwns with environment, 486 
loss by subbmation, 491 
mercurial, redistribution on seed, 516 
microbial conversions of, 499 
mode of action of, 498 
particle size of, 478, 492 
performance of, 477, 490 
persistence of, 486, 504 
photoinactjvation of, 494 
physical interactions m soil, 507 
phylotoxicity, hydrolytic products, 

498 

protectant, 478 
qumones, 493 
reactions of, 

with atmospheric carbon dioxide, 
494 

With soil debris, 501, 502 
rcpubive forces at plant surfaces, 479 
solubility of, 490 

stnicture-achvity rchlions, 496, 497 
use of 

against dermatophytes, 394 
control of epidemics, 231 
disease control, 272, 274, 308, 361, 
364 

seed treatment, 4D9, 514 
soil treatment, 433, 499 
Fungus feeders, Iransmission of path- 
ogens by. 111 

Fungus spores, infcctivily of, 37 
Vusaria, head blight, determining re- 
sistance to, 016 

Fusanc acid, secretion by Fusarium 
oxi/jponim f tfliiii/cctiim, 5-J2 
Fusarium 

a«oclal»on of inocnhim with nemn- 
todcs. 7 

3 lunam uiU. coiUml by flooibng. 415 
control on rinuf iyliatrU sccil. 511 
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dispersal of, 12, 14 
dry rot of potatoes, effect of handling 
methods on, 384 

effect of sowing depth on infection 
by, 403 

environmental effects on infection by, 
303 

in soil, 436, 455 

stem rot, control in sneet piolatoes 
395 

Fusarium coeruleum, control on potato 
tubers, 89 

Fusarium culmorum, antagonists of, 535 
Fusarium dianihi, secondary pathogen 
on carnation, 548 
Fusarium grammearum, 535, 544 
Fusarium lint, 78, 80, 532, 535 
Fusarium tnomltfonne, occurrence after 
soil treatment, 455 

Fusarium montUforme var fict, mecha* 
nisra of transmission in figs, 109 
Fusarium nwale, control on barley seed- 
lings, use of antagonist, 544 
Fusarium oxysporum f bulbigenum, 
primary pathogen on carnation, 548 
Fusarium oxysporum f conglutinans, 
selection of cabbage resistant to, 

576 

Fusarium oxysporum f cubense, 508, 

532 

Fusarium oxysporum f Itni, biotypes of, 
599 

Fusarium oxysporum f lycopcnict, selec- 
tion of tomatoes resistant to, 570 
Fusarium oxysporum f ntceum, resist- 
ance of watermelon to, 577 
Fusarium oxysporum f vasinfectum, 401, 
542 

Fusarium solatii, 161, 460, 500 
Fusanutn spp 

persistence on seed oats, 70, 82 
seed borne, 71. 72, 78 
spore dispersal in, 160 
Fusarium udum, antagonists of. 555 
Fusanum wilt, 552, ^4, 57 j 

G 

Canoilcrma apphnatum, 150, 13^ 203 
Cels, ]j>draled. fonniihtum of fun„i- 
tidts as, IS9 


Genes 

pathogens, for virulence, 619 
for resistance 
interactions between, 594 
Wild relatives, crop plants, 613 
Cibberella, temperatures favonng mfcc- 
tion by, 402 

Gtbberella zeae, flower infection by, 72 
Girdling, control of butt rot fungi, 579 
Ghotoxm, 501, 534, 539, 544 
Gloeospormin musarum, latent infec- 
tion of green banana fruit, 40 
Gloeotinia temulenta, 71, 72, 76, 78, 82 
Glomerella cmgulata, 506, 548 
Glycogen, in maturation of asci, 140 
Glycoprotein, from Phytolacca, virus in- 
hibitor, use as disinfectant, 418 
Gnomonia rubi, spore discharge in, 144 
Gnomonta veneta, parasitism by Trtcho 
thecium roseum, 523 
Golden nematode 318, 417 
Gomphrena glohosa, indicator plant for 
virus testing, 87 
Gooseberry mildew, 83, 86 
Gradient of disease 6 
Crafting 

infectious incompatibility in, 270 
m testing for virus contamination, 87 
use in ohliimng disease resistance, 

018 

\irus spread by, 99 
Crafts, use against leaf blight, Ilccca 
nibber, 389 
Cram 

pests carried by, 327 

world trade m, inspection problems, 

330 

Craiics 

control of blacl rot, 381 
responses to carlxm dnuKidc fumiga- 
tion, 138 

Crapittum spp. Insect di.<x>crs.il of 
spores, 160 

Crassliopjicrs, transmission of tobacco 
mosaic iim* b>, 104 
Cravses susceptibility to crtral >cll.>sr 
dsvarf \irus, 123 
CrasiUtlon 

tffcct t n sjiorrs In air, ITO 
force In sjuire ilcjxivitkwi. 
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Gray mold, in produce in transit, 386 
GtvseoCulvm, 463, 540 
Growth habit, mfluence on disease pro- 
pensity, 375 
Growth substances 

application in disease control, 394 
effect on antagonists on fruit, 546 
use on fruits and vegetables, 387 
Gryopliaena strictuln, mycophagous, 527 
Guttation, role m disease, 372 
Gymnosporangvum, spore concentration, 
change with altitude, 201 
Gymnosporangmm jitmpert uirgmianae, 

148, 302 

Gymnosporangium myrtcaittni, spore 
prints of, 157 

Gymnosporangium spp , multiplication 
between alternate hosts, 241 

H 

Handling procedures, perishable crops, 
383 

Hard woods, resistance to Fomes an- 
nosus, 250 

Hardiness, to climate, m crops, 569 
Harvest practices, disease control meas- 
ures m, 383, 3S4 

Hatching factors, nematodes, production 
by plants, 551 

Health certificates, for export of planting 
slocks and plant products, 80 
Heart rots, trees, cultural control meas- 
ures, 375 

Heat, treatment of soil with, 4GO 
Heat therapy, 89, 392 

pitrpurcim, strand for- 
mation in, 44, 10 
IMmlnt/iosporium 

Ccp/talotlicctum antaftomsm of, 436 
deposition by iinpaclion, 212 
f/t/m(iithof}>ontim ai,cnac, 72 75 70 
78, 82 

IWm/n</ioij»orfujr» ^.rcnihieum, races of 
506. 507, GOl. 603 

(/(/mhit/ioir>or{iirn saficiim, 172, 410, 
J>i3. 543. 591, 597. GOl 

vpp . st^il home, 71 
l/rfnWnt/ioifM’rhini 293, *>68 

585 

f/cmi/rw lurasilism |»j Vcrfl- 


cillttim hetmleiae, 523 
Herbicides, on potatoes, prevention of 
late blight m tubers, 380 
Heterodera 

control with dichlorobutene, 462 
toxicity of terthienyl to, 552 
Heterodera rostochtensis 

contammation of seed potatoes, pre- 
vention of, 69 

cysts, contammation survey, 66 
effect of hatching factors on, 13, 551 
potato root eelworra, spread of, 62, 
318 

predator of, Theratomyxa webert, 550 
races of, 612 
viability of cysts of, 65 
Heterodera schachtii, parasitism of, by 
protozoa, 550 

Hevea, leaf blight of, use of multiple 
gcaiU in control of, 389 
Hevea brasdiensis, control of root rot by 
root barriers, 422 

Hevea rubber, resistance to Dothidella 
ulet, 618 

Hexadecane, degradation by Corynebac- 
terium ttaUcum, 499 
Highway traffic, permits, 350 
Host 

influences on physiologic races, 595 
life span of, use in cultural practices, 
403 

physical alteration of, 378 
as source of inoculum, 50, 52 
susceptibility to pathogens, 116, 118, 
404, 521 

vulnerability to disease, geographical 
and ecological, 283 
Host defense devices, epidemiological 
aspects of, 371 

Host defenses, passive, penetration of, 
27 

Hovt-palhogcn relationships, symbiotic 
27 

Host plants 
position of, 396 

rvAe of distribution in spread of cpi- 
dtinics, 250 

Huvt population, direct cultural conlnd 
measures, 371 

Host predlsixjvidon, to disease, 372 
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Host range 

parasites of senescent tissues, 39 
role m pathogen control, 570 
Host varieties, in distinguishing path- 
ogen races, 607 

Hosts, altemate, control of, 419 
Homoptera, vectors of viruses, 103 
Hop varieties, infection by VerttctlUum 
albo-airum, 38 
Honzon of infection, 251 
Hot water treatment 
control of smut in seed, 80, 410 
soil, pathogens controlled by, 467 
Humic acids, production from hydro 
qumone, 493 

Humidity, effect on spore deposition 213 
high, diseases favored by, 396 
HyadapJns ztjlostet, see Rhopalosipfium 
conti 

Hybridization 

role m production of biotypes, 596 
use in developing disease resistance, 
577 

Hydrocarbons, metabolism of, by micro- 
organisms 499 

Hydrogen sulfide hydrolytic product of 
mylone, 506 

Hydrolysis, fungicides in solution, 495 
Hydroqumone, reaction to produce 
humic acids, 493 

Hymenomycetes, structure of basidium 
of. 147, 149 

Hyperparasilism, 522, 525, 549 
Hypersensitivity, resistance based on, 

389 

Hypbomycctcs, prcditors of nematodes, 

550 

Hypochlorite, use in posthan csl treat- 
ments, 384 

Uypoxylon pmninatum, spore discharge, 
uatcr relations in, 162 

I 

lllile, sorption on 141 
fmldazolino dcnvtfhcs, side chain ef- 
fects on ph>totoxlcity. 190 
Tmpviclion. 211 

deposition of single spores by, 

Import, combtionil. 332 
IncompitibiIit>, Infectious, 270 


Incubation period pathogens 236 237 
239, 303, 305 . » , 

Independent action, inFective propagules, 
m mfection process, 30, 34 
Indexuig, testing for vmuses, 413 
Infection 

dispersal of, m propagation, 275 
from divided inoculum, 35 
gradient of, 250 253 
horizons of, 251 

increase within a plant, detection, 239 
mdependent action, infective propa- 
gules, 30 
latent, 41 

multiplication of, within a crop, 232 
predictions of, 301 
secondary, 548 
synergistic, 30, 36, 41 
systemic 

law of lesion size applied to, 250 
relation to size of plant, 278 
test for spread of, use of doubJets, 

242 243 
Infection court 
inoctilum in 9 JO. 208 
oxidative activation of nabam in, 403 
Infection cycles, m disease forecasts, 303 
“Infection iJecls,” Iiypcrscnsilivc rcac 
tion to rust, 30 
Infection index, 2 

Infection mte, m populations, 231, 235, 

230. 237, 239, 247, 269 
Infection type, rices, cnMronmcntil hc' 
tors afl’ceting, 607 
InfcctiMty, of inoculum, 37, 33 
Infcctivity titration, 20, 32 
Inhibitors, of fungi, in green fruit, II 
Inoculation, as proof of cITcctisc m- 
ocirldin. 20 
Inoculum. 1 
iir home, 8, 20 

nailahiJity of. in di-cise forecasts. 

200 

ileRnitlon of, 23 
deposition from air. J5 
destruction of, 19 21 
disease cwntml ineamrrs aifecting 
374. 105, too 

dispersal of. II. 12. n If 2r/} 
lo inimali. H. 10 97 lOO 
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dimensions, 5, 6 
environment'll effects, 373 
effective, 24, 25, 27 

Koch’s postulates £oi proof of, 26 
ineffective virus particle as, 25 
mfectivity of, 7, 35, 38 
intensity in infection court, 8, 9 
invasive force of, 27 
movement of, 262, 264, 265 
multiplication rate of, 243, 246, 271, 
272 

overwintering of, 274, 293 
persistence of, relation to disease con- 
trol. 20 

primary, 292, 295, 309 
production of, 2, 16, 373 
quantity of, 3, 6, 7, 20, 243, 244 
reduction of, 7, 19, 527 
relations in epidemics, 232, 252 
stem rust, decrease of, 582 
survival in soil, 52 
transfer of, 124, 275, 298, 299 
trapping of, 7, 8 
types of, 2, 24 
weeds as source of, S65 
Inoculum potential, 2, 3, 7, 8, 23, 28, 
29, 40 

capacity factor of, 3, 9 
effect of control measures on. 16 
effect of resistant plants on, 7 
intensity factor of, 3, 4 
strands and ilnzomorplis, 42, 43, 49 
tool in disease studies, 10 
Insect iwpul ilion 
effect of predators on, 113 
TLKulation by forest management, 370 
Insect vectors, popiihtion of, effect on 
Jncukncc of infection, 298 
Insecticides 

effect on annual infection of elms by 
Dutch elm disease, SOI 
effect on virus spread m potatoes, 125 
residue loss of, role of sublimation, 191 
Systemic, use m Vector control, U9 
Insects 

disi>rrvd of Inocvditni b), 14, 19 , 98, 
163. ia>. 107, lU. IGQ, 298,’ 200 
tii\kit> of blocHdi-s to, t59 
Inqs«'etU)ii 

crop, for ut-sl cemtamiiution, 77 


field, importance of, 333 
plant material, quarantines, 86, 327, 
330, 334, 336, 344 

Interfacial tension, reduction in. sprays 
by surfactants, 488 
Introduction 

pathogens, dangers of, 321 
resistant varieties, 573 
Ips spp , transmission of brown- and 
blue-stain diseases, 110 
Iron, effect on patulm production, 540 
Irrigation 

cultural control method, 373 
influence on crop pathology, 376 
Isolhiocyanates, formation from dithio- 
carbamates, 446 

Isotopes, radioactive, use in seed dis- 
infectants, 516 

J 

Jassids, pH gradient followed in feeding, 
105 

“Jet-stream,” particle transfer by, 222 

K 

Kaolmite, sorption on, 441 
Koch’s postulates, m proof of effective 
inoculum, 26 

L 

Land clearing methods, control of root 
rots, 378 

Landing, spores, effect of turbulent dif- 
fusion on, 106 

Langmuir equation, monomolccular 
films, 511 

Larch canker, control by eradication, 
382 

Latu blight 

estimation of spondation by nnthogen 
of, 206, 297 
potato 

effect of growth Jnbit on damage 
by, 375 

epidemics, 232, 233, 248, 303 
mithcinatical aml>sis, 237, 241 
ixjtato tulicrs. prevention of, 379 
rcsivtanc-c of ixilatocs to, 218 281, 
JJSO, 300. 017 
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Latent period 

infection, relation to doso of infective 
propagules, 35 

insect transmitted persistent viruses, 
104 

Leaf miners, transmission of diseases by 
104, 107 

Leaf roll virus, potatoes. 89, 125, 242 
Leaf spot diseases, detection of, 52 
Leafhoppers, transmission of viruses by, 
104, 113, 122, 323 
Legislation, plant protection, interna 
tionaZ trade, 91 

Lenzites betnlina, effect of temperature 
on spore discharge, 163 
Leptosphaena comothyrium, transmis- 
sion by crickets, 111 
Lettuce, big vem of, survival in sod, 65 
Lettuce mosaic virus. 71, 73, 106, 123 
Lettuce seed, virus free, production m 
relation to aphid population, 115 
Lesion size, law of, 259 
Lesions, probabilities of development of, 
in epidemics, 251 

Life span, host, use m cultural prac- 
tices, 403 
Light 

decomposition of pesticides by, 494 
effect on infection type on host, 608, 

010 

role in periodicity of spore discharge, 

164 

wavelengths affecting spore discharge, 

166 

Lignin, degnclation by sod organisms, 

486 

Lolium perenne, use in control of 
Plasmodiophora brassicae, 68 
Loose smut 

cereals, forecasting epidemics of, 294 
hot water treatment against, 410 
seed-bome inoculum, 25 
Lucerne dwarf vims 

distribution in phnt, lOS 
transmission from sources of natural 
infection, 122 

Lumber industry, importance of beetle 
>cclors of disease, 110 
Ojcopcnlon, collection of spores by 
raindrops, 214 


Ltjeoperden pynforme, spores, velocity 
of fall, 172 
Lycopodium 

spore distribution from source, 204 
spore number, homorhl change m, 
199 

Lycopodium clavatuni, deposition of 
spores, Wind tunnel experiments, 211 

M 

Macrophomxna phaseoli, control by 
chbronitrobenzene, 455 
Macrosteles fascifrons, transmission of 
yellows Virus, 120 

Magnesium sulfate, role m control of 
stalk smut of rye, 392 
Maize, transmission of diseases by com 
borer, 110 

Maize streak virus, 106, 121 
Malic acid, excretion product, Ncuro 
spora sttophilo, 495 
Nfammals, spread of pathogens by, 100 
Man 

dispersal of pathogens by, 10, 99, 

223 314 

toxicity of sod fumigants to, 459 
^^aneb. 447, 486 

Manganese, effect on streptom>cin 
production, 540 

Manganous ethylenebisfdithiocirba- 
mate), tenacity of, 486 
Manioc, complex diseases of, 548 
Manure 

embargo against, 326 
green rye, control of Streptomyccs 
scabies, 435 

Market patliology, 375, 3S6 
Market standards, new virtebes, 593 
Matihiala mcana, use in control of 
PlasmodujpJtora hrassicac, 68 
Mediterranean fruit fl>, introduction by 
tourist traffic, 337 

Melampsoro, race fomution by, 321 
^lelomtisoro linl, 70, 72, 620 
SfclotJogijtic, 272, iOO, 439, 552, 553, 

554 

\fcntha <p beat llicnp> for rust con- 
trol. 89 

Mtrtwnls vv vter soluble. fuiiRicfJal 
proiKftiis of, 162 
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Meicviiy saltv 

control of bulb borne djseaaei, 88 
disinfection of potato tubers, 88 
Merultus lacrymans, developing strands 
of, 47, 48 

Methyl bromide, 387, 417, 444, 450, 
456, 457, 510 

Methyl ketones, oxidation by Coit/ne- 
bacterium tfaZicum, 499 
Mcthylamine, hydrolytic product of 
mylone, 506 

Methyhsotliiocyanate, 460, 506 
Aftcrospbflcra, diurnal cycle, spore lib- 
eration, 165 
Microbiology, sods, 435 
Microchniaie, role m disease develop 
ment, 396 

Miciooigatusms, formation of toxicants 
by, 501 

Microspondics, parasitic on nematodes, 
549 

Mddew, gooseberry, persistence m plant 
debris, 80 

Minimal effective dose, of infective 
propagulcs, 20 

Minor elements, effect of soil treat- 
nitiiits on, 452 

Mint rust, heat therapy against, 392 
Mites, transmission of viruses by, 101 
Mixed cropping, disease control meas- 
ure, 231 

Moisture, sod, effect on sorption of 
fumigants, U2 

Monilmia jructicola, oicrvvmUriiig of, 
203 

itononchus popillatus^ ncmaloplraijQus 
nematode, 551 
Muntmonllonitis 

inVciaLtiun of cth)lnu. dibromldc 
uiih. 513 
sor])tion on, ill 

Monuron, littbitide, psni-traUon and 
solubility, 507 

Morpho^incvls. of xnyccUal ‘•Irunls and 
ihizumor^dts, tl 

Vtosale tllvcavc, s<|uash and niitroiv, 
loulrol by inhcxl cropping, 261 
Vliicin, pn>diKtiiin in uul, |>6 
Afufor. ajjiuutic csMinxiuwU as smircc 
«f uiUtfi. vn 


Mushrooms, diseise control, use of 
tdilorinated water, 417 
Muskmelon, seed-transmitted virus of, 
viability, 76 

Mukiplication of disease, rate of, 334 
Multiplication of mfection, role of dis- 
tances, 356 

Mutation, role m production of bio- 
types, 596 
Mycelial strands 

moculum potential of, 42 
morphogenesis of, 44, 48 
Phijmatotnchum ommvorum 
development of, 46, 47 
effect of desiccation on, 43 
Mycelium, as moculum, 25 
Mycorrhjzac, effect of soil fungicides 
on, 454 

Mycosp^iaerella pinodes, spread by wind, 

195 

Mycoslatm, poslharvest treatments with, 
385 

Mylone, hydrolysis m sod, 506 
Myzus ascalomcus, specificity in virus 
transmission, 106 

Myzus ornotus, specificity in virus trans- 
mission, 106 
Mtjzus persicae 

colonization on beet, 126 
Iraiisnussion of viruses by, 106, 115, 
116, 117, 125, 300 

Myzus solantfoht, vector of potato Y 
virus, 117 

N 

Nabam, 446, 447, 462, 403 
Narcissus bulbs, control of An^uillttlma 
dipsaci, 89 

Natural selection, m vulnerability of host 
to disease, 283 

Ncctria cinnabartna, parasitism by Tri- 
chothccium roscum, 523 
Xeclria ealltgcna 

persistence m plant debris, 80 
iclalionslup of rainfall, siyorc dis- 
charge, 102 

Ncctrta spp, spore dispersal m, IGO 
Ncmagon, SOS, 310, 511 
Ncoutocidcs, 133, iOl 
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Nematodes 

autonomous dispersal of, 12 
breeding for resistance to, 612 
cause of brown root rot of tobacco, 

359 

control of, 392, 414, 422, 459, 461, 
570 

depth of occurrence in soils, 439 
disease complexes associated with, 7, 
548, 549, 552, 553 

foliar, prevention in chrysanthemums, 

413 

forecast of infestation by, 294 
hatching factor, 551 
nematophagous 551 
parasites of, 436, 549 
physiologic races of, 594, 611, 612 
predators of, 550 
resistance of peach to, 389 
stimulatory effect of invasion by 407 
vectors of pathogens, 102, 553 
’Nematospora gossypn transmission by 

Dysdercus spp , 109 
Neovossm tndtea spread of, 325 
Neurospora sttophtla, spores, copper 
solubilized by, 495 

Ntcottana gluttnosa, m virus studies, 87, 

555 , . 

Ntcottana tabacum indicator p ant or 
virus testing, 87 
p-Nitrobenzoic acid energy 

Fseudomonas ^uorescens, 500 


Nitrogen 

role in bunt control, 392 
role in predisposition to di'C-isc. dJl 
Nitrogen fix-ition, in soil, -138 
Nitrogen tncliloridc, use in eonlrol ot 
storage diseases, 387 
p-Nitroplicnol degradation by Conjne- 
hactenum simplex 500 
Nllrosnnmnm. nitrogen lisation In. 
••Niicollar” seedlings, propagation or 
citrus by, 413 

Nursery practices, coiitnniinatmn i . - 

“'on s,„re liifectbit,, «o,rv«. 
cincrca, 50 

plant, elTcet of sod Itcalnicnt on I - 
Niitrilion plant, elf.-et on din-an-. lU. 
300 . 530 


O 


Oak, occurrence of chestnut blight in, 
316 

Oak seed, embargo against, for oak 
wilt, 327 

Oak wilt, 119, 231, 379 

Oat seed, persistence of pathogens on, 

76 

Oat stem rust, 585, 586, 587 

Oats 

breeding for resistance to diseases of, 
584 

pupation disease of. reduction by 
field barriers, 398 

relation between vanetics and races 
of crown mst, 588 

Viclona varieties, destructiveness of 
Helmtnlfwsportum ucionae on, 


293 

Occupied receivers theory of virus in- 
teraction, 557 

Oecanihus transmission of Leptnspba’ 
ena conio/hynum, 111 

Ouhiim, geographic range of, 399 

Oidiiim spp parasitism hy Ctccinobolus 
spp , 522 

Oi! seed, pests earned by, 327 

Ompltaha flauda, spore Iibcfalion, liy 
wind, 160 

Onion smut, control witli fornnMih,dc, 

433 , , 

Onions, rolo of prolocHcchuic acid in 
resistance to smudge, 500 

Oasiwra puslulanx, control on potato 
tubers, 89 

Oitbtobohis pranimis, 51, 53, 53-, 


536. 547 

n, soil p.all.ogcn, 01, W, 400, 537 
ififorfoiiio, SCO Ccmutcyilix 
cinrj Boot, .pnfmg "> 

climt; “scan,, conlrnl l» sanitallm 

iliS! impcctinn for 

greo-inc.cno compomiJi 
nintnd of Frui.ix Inin./aCir" M 
li.i„f.r.4anl. on c.ral -ml W 
„i.l,l flint ll). n.dviign a.ai. 
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Omimentals f'lctors m susceptibility to 
disease, 371 

Outport inspections 334 
Overplantmg, control of seedling dis 
eases, 395 

Overwintering primary inoculum, 293 
Oxidation, fungicides, 493 
Oxidalion polentnl, role m photolysis 
of qutnones, 494 

Ozone, use in control of storage dis- 
eases, 387 

P 

Packing, effect on quality, 335 
PacVing matcnals, icstivcUons on, 343 
Panama wilt, banana, control by flood- 
ing, 415 

panogen, distribution on seed, 516 
Papulospora, pirasitic on TUuzoctonia 
sohnl, 524 
Parasites 

obligate, autonomous dispersal m soil, 

02 

soil, GO 

Paralhion, 125. 419 

Particle size, {ungicidcs, 478, 483, 487, 

102 

Pilliogcnicity, cmuonmcntal factors in, 
373 

Pathogens 

air l)Omc, forces affecting movement 
of. 109 

biological control of, 521 
competition on host, 517 
detection In seed testing, 77 
dispersal of, 11, 58, 08, 83, 09, 314 
seed coiilaivimation, 71, 76 
111 soil, 59, GO 

rviliaiige of, fiillmving soil treatment, 

t55 

grm-s for ainiUnce, 019 
in*i'e<t{iin of pi ml material for, 80 
mlfixluillim of. I2t), 282, 321 
^icnUtcnce of, G-3, "S, 83 
pli>iioloKic ners, 302, 593. 591, 010 
|\](alat»is and antagniilvts of, 527 
iiile ff ii«rc lire ta fin-caslhig drt- 
ttiljutioa of i 301 

H-jMi.tlal atlAil of Inal l,j, "JIS 


sod borne, 303, 416, 433, 436, 439, 
469 

survival in plant debris, 86 
systemic, epidemics caused by, 231 
vascular, depth of occurrence in sods, 
439 

Palulin, production of, in soil, 539 
Pea, seed treatment, 80, 515 
Peach mosaic virus, transmission by 
mites, 101 

Peach rosette, 262, 373 
Peach yellow bud mosaic, border effect, 
peach orchards, 266 
Peach yellows virus, 89, 323, 393 
Peaches 

brown rot of, 293, 384 
control of Rhisopus rot, postharvest 
treatments, 385 
resistance to nematodes, 389 
spread of Eastern X virus to, 241 
Pectobactertum carotovorum, 60, 69, 86 
Penetration, by pathogens, of passive 
defenses, 27 

PcnicdUa, ground mhabitmg, collection 
of spores by raindrops, 214 
Pemedim, 541, 542 
reniciHuim 

antagonistic action of, 582, 533, 534, 
546 

inspections for, m bruised bulbs and 
fruit, 33 1 

mimber of comdia produced by, 208 
occurrence m treated soil, 453 
prevention on citrus, 385 
spore size, factor m deposition, 212 
rcnici/fimn clavattim, antagonism of 
Pfiyioplidiora, damping off, 533 
PcnfciHium competition with 

P i/ohcnm on citrus, 517 
PcnictUium cxpansiim^ antagonistic ac- 
tion of, 533 

PtnlcilUtim /rcqiicn/oas, production of 
frequentm, on seed integument. 511 
Pcnicilhum nigricanr, production of 
gtiscofuKin, m sod, 540 
PcnlciUtum j>attilutn, production of 
jutultn in soil, 539 
rtiuedhum cirmictilutmii, ajilagoniMn 
of. tifetl of tcinjHTiturc, W? 
l'<nl4chlofiHnliulHn7im , 157. 1(V3, 502 
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Pentachlorophenol, stabibty of, effect of 
soil type, 506 

Pentatnchopus fragacfolu, seasonal var- 
iation in population, 115 
Pepper, relationship with tomato crops 
and potato virus Y, 122 
Perennials, woody, resistance in, 389 
Pericoma, in soil, 436 
Peronospora destructor, 85, 255, 256 
Peronospora tabactna 

blue mold of tobacco, control of, 370 
effect of temperature on incubation 
period of, 304 

forecasting epidemics of, 295, 306 
parasitism of oospores of, 525 
spore liberation by conidiophore of, 

159, 166, 297 
Pesticides 

mechanism of adhesion to plants, 
relation of solubility to soil penelra- 

tion, 507 

Pests, in ships’ stores, 337 
Pezaa sp , spore discharge by, 153 
pH, soil 

effect on antagonists, 537 
effect on antibiotic stability, 541 
effect on fungicide reactions. 503, 5U4 
pathogen control by changes in, 
Plwlacrus, economic importan^, de- 
struction of smut spores, 528 
Phalacms canca, mycophage on smut, 

527 

PWofuJ cufeuris, transmission of bean 

mosaic virus m seeds ol, 

Phenols 493, 499 
Phenyl ■ mercury tnethanol 

lactate, use rn control of apple scab, 
417 1 

Fhtalea temulenia, on 

crass cultural control methods, 37 
PI, loom necrosis, elm embargo against. 

P/iomTsp. seed home. 71. 73, 76. 78. 

Pbonf peach Sims. ssion rf. 3^ 

Phosphorie acid, role m bum 

391. 392 

'■t^orofslall 

n,Ic m disease resislauce. -.91 


Phtjlcfochtjtrium, parasitic on oospores, 

525 

Phylloxera, control of, 415, 433, 438, 
455 

Phymatotrichum omnworum 
antagonists of, 534 
effect of organic manures on, 537 
effective inoculum of, 26 
hosts vulnerable to, crop rotation, 408 
mycelial strands of, 43, 47 
spread of, m soil, 61, 294, 299 
survival in soil, 64, 525 
Physalts fiortdona, transmission of po- 
tato leaf roll virus from. 105 
Physiology, postharvest, of fruits and 
vegetables, 387 

Phtjsoderma zea-maydts, disinfection of 
seed against, 339 

Phytolacca, glycoprotein from, virus in- 
hibitor, use as disinfectant, 418 
Phytomonas canjophyllt, antagonists of, 

535 

Phytomonas prunt, use of streptomycin 
in control of, 411 

Phytomonas Stewart,, groulh in rclabon 
to host nutrition, 391 

"'rail- of rrwho.,erma unJe lo. 

501 

control of, 461, 462 

damping off, tonnlo. antagonists ot. 

533 

dcposibon by impaclioii. 212 

number of spores, effeel of relab. c 
humidity, 211 

parasitism of oospores of 5-. 
rot m trees, restoration after girdling. 
395 

in soil. -136 

PhytophOwra cliiiioiiioiii/, ICO, on 
Fhytophthora crylhrotcplica, autono- 
mous dispersal of, 09 
Phytophthara inftstans 

adaptation to tomatms, -IJ 
biot>-pes, effects on m.t, Ml 
cniitrol on potato 'V'-'; 
di-persal of. 1S5, ISO. IM 190, 191 
103. 200 , 

tJTcvI »>f wralhcf • n. - 

G05 
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incubation period, effect of tempera* 
tuie, 303 

infection gradients of, 255 
infection m relation to field area, 266 
inoculum potential of, 28 
introduction into Europe, 83 
nature of epidemics caused by, 232 
233, 244 

protection of potato against, by 
Bordeaux, 484 

resistance to 281, 285, 554 589 
source of inoculum, 85, 257, 294 
spread of, from South America, 314 
survival of, 63, 293 

Phijtophthora parasitica, parasitism by 
Tnchoderma Itgnorum, 524 
Phytophthora parasitica var ntcottana, 
disease complex with Maloidogyne, 
553 

Phytophthora ultimim persistence in 
soil, 64 

Phytoptus nhis, transmission of blacV 
currant reversion virus 101 
Phytosanitary certificates, consulate visas 
with, Q54 

Phytosanitary services, 332, 348 
Phytotoxicity, 401, 465, 496, 498 
Fhytotrons, use m testing plant material, 
620 

Picric acid, degradation by Corynebac 
terium simplex, 500 
Pierce’s disease, 241 327 
Pineapple, leaf tip necrosis of, use of 
wind break m control of, 422 
Pineapple root knot nematode, use of 
trap crop in control of, 422 
Pmus lamhertlana, blister rust preven- 
tion, 315 

Pmu5 montkola, destruction by blister 
rust, 315 

Pinus s/rohus, susccplibibly to blister 
rust, 315 

Piiiut svltcstrf*, control of Fusarfum on 
seed, 514 

Plant bugs, transmission of fungi by, 

no 

Plant consignments, origin of, 351, 352 
Plant dthtis. Importance m patbogicn 
dbi^crsal, 81, SO, 00 


Plant disease gardens, use in breeding 
programs, 591 

Plant inhibitor, concept of, 437 
Plant introduction, method of crop im- 
provement, 573 

Plant parts, carriers of pathogens, 83, 

84, 337 

Plant products 

definition, m trade, 343 
indicating origm of, for transport, 352 
pathogens in, 84, 85, 86, 88 
Plant quarantine, for health determina- 
tion, 86 

Plant residues, effect on succeeding 
crops, 408 

Plant suslainer, concept of, 437 
Plant vigor, effect of soil fumigation on, 

438 

Planting stocks, spread of pathogens in, 

84, 86, 88 

Plants 

cultivated, volunteers as carriers of 
disease, 52 

density of, relation to disease, 119, 
278 

diseased as source of inoculum, 51 
definition in trade, 843 
importation of, 830 352 
protection against virus reinfection, 
555 

protection agreements 341, 351 
wild, occurrence of diseases on 53 
Plasmodiophora hrassicae 62, 64 67, 
84 85, 86 100. 101 314 
Plasmopara viticola, 523, 528 
Pteiirage fimiseda, spore discharge in, 
141 

Poa, root secretions of, effect on viabil- 
ity of nematode cysts 552 
Poa pratensls, resistance to stripe smut, 
577 

Podospfiacra, diurnal cycle spore lib- 
eration, 165 

Podospliacra leucotricha 117 249 
PetypoTus anceps reduction in conifers, 
pruning inelbods, 379 
Potyparus squamosiis spore liberation 
by. 152 

Polysnoro 1 nl, seed borne, 71. 72 76, 
78 
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PohjiUgvia rubrum, parasitism by Trt~ 
chotheaum roscum, 523 
Polyuronides, production in sod, 436 
Population, diseased, 374 
Porta, prevenbon by land clearing meth- 
ods, 378 

Postliarvest treatments, chemical, 384 
Potassium, role m disease relations, 391, 
392 

Potassium chloride, role m bunt control, 
392 

Potassium deficiency, cotton, role of 
Meloidogyne, 552 

Potassium iodide, use against dermato- 
phytes, 394 

Potato, certification of, 319, 332 
Potato bhght, 83, 232, 233. 234, 236, 
243, 244, 282 

Potato leaf roll virus, 87, 105, 116, 393 
Potato root eelworm, 318, 330, 331 
Potato spindle tuber virus, 99, 322 
Potato tubers 

infection by Armtllarta inetlca, effect 
of moculum size, 49, 50 
late bhght infection, 375, 379 
transmission of stolbur disease by, 322 
Potato varieties, secondary epidemics m, 
270 . - 

Potato virus C, transmission by aphids, 
effect of host, 107 

Potato virus diseases, 113, 117, 123, 


307, 322 

Potato virus X, 98, 99, 100, 322. 394 
Potato virus Y, 106, 122, 241 


Potato wart, 67, 320, 321 
Potato yellow dwarf virus. 


distribution 


of, 322 


Potatoes , , „ 

brown rot of, control by sod pH 
changes, 416 

Colorado beetle attack on, 321 
development of Spongospor^ ^h'er- 
rarwa during transport of, 335 
dry rot of. effect of handling roelh- 

x-SS-s-*- 


protecbou against infecbon, use of 
sanitation, 247 
resistance of 

to late bhght, 248, 281, 389, 554, 
614, 617 

to virus y, 118 

susceptibility to late bhght, 234, 245, 
396 

tuber-unitmg in, prevention of ran- 
domness, 278 

Potenbabon, of sod biocides, 446 
Powders, formulabon for dusting on 
sod, 464 

Powdery mildews 

apple and grape, source of epidemics 

of, 274 

control of, 383, 418 
diurnal periodicity of discharge ot 
comdia, 166 

spore hberation, by wmd, 160 
PratykMhm, depth of occurrence in 

soils, 439 

Precursor, exhausUon of, theory of virus 
mteraction, 556 
Predisposition, 568, 590 


Prcmunity 

speaficity of, 556 
virus interference, 555 
Primulas, lesling for tobacco necrosis 
virus. 341 

Probable flight line, spores, JSl. 

Probit response curve, use with mfcc- 
bon data, 32 
'Progressive infection, 24 
Propagation, disease transmission by. OJ. 

84, 275 

l>ropagation material 

disease free, production of. 393, 41 
Bold mspcction of, 352 
»ropagules. as inocuh. H, -9. 95. - 

169, 191, 300 

>totems. reduction of toxieily of cop- 
per fungicides by. 496 
’Kitocalcchuio acid, role m rcsis an 
of onions to smudge, 500 
Mtozoa, predatem on nematodek 5o0 
Winirt. embargo against plants, 331 
ninul omcrumnn, s> inplonilcsi earner. 
MTUScs, 323 
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Prwius ierotina, winter host for Mtjztis 
pentcae, 113 

Prunus Lirguiiana, \irus earner, 241, 323 
PsalUota campestns, collection of spores 
by raindrops, 215 

Psdlliota hortensis, strand formation by, 
40 

PschJococcus Citrl, transmission of cacao 
swollen shoot virus, 103 
PscuJonionfls. as antagonist, 544, 545 
Ps^cudomonas sp , metabolism of naph* 
thalenc, 499 

Pieuj37nonas spp , phages of, 525 
PscurZomonos angulata, phage active 
against, 527 

Psctidomoiuu caryophylli. disease com- 
plexes with nematodes, 553 
Piciidomoniw fluorescens, use of j)-nitro- 
bcnzoic acid, 500 

Pscudomoms mehphlhora, transmission 
by Wiagolclu pomoticlla, 108 
Psciidonioriot savaslonoi, transmission 
by Dacus olcac, 108 
PscKf/onioiKU solanaccarum, 100 280 
520 

Psuttilomoitas tabaci, phage active 
against, 527 

Piilocyhe (iRrariclla cticcmnil, cranberry 
bogv, control by trenching. 398 
I’wniMi, citnis, 231, 2J7 
Pticanla, collation of s,x)rcs b> ram- 
drops, 215 

Piiccln/rf coiujiicua, parasitism by 
Cf{K/»»t|K»niim oecfiiiicoti, 523 
furciiiiii corr»iw/a var OLoiac, 37, 581 
rurclfiw i,Uiiiujnim, 07, 577, 578 589 
010 . 011 ' ' 
I’nrdnij Kmniinli, 198. 272 301 O'*! 

323. 577, 588, 591 ’ ’ ’ 

VuidnLi ^.ramlnh var 5S|, 587, 

5'1> 

r»rc.nfj wr hcUa, rffcci 

nc V4nciif». 5U5 

iViinLi Uiticl. 2M COS 

Jli "H. '.V',, (M 

llixaV.H t.iT, ,f. 570_ m 

fil'i * 
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Pucemta menihae, control on Mentha 
sp , heat therapy, 89 
Puccinm pohjsora, infection in cross- 
pollinated corn, 282 
Pucemfo rubtgO‘Vera, overwintering of, 
295 

Pucemta rubigo vera var fntici, 391, 
589 

Pucemux sorght, horizontal spore dis- 
persal of, 173 
Puccmia tritictna, 238, 272 
PuUulana pullulans, antagonism of 
Ptjthium, 534 

Pulses, quarantine requirements for, 348 
Pupation disease of oats, reduction by 
field barriers, 398 

Pyrausta nubtUiUs, transmission of path- 
ogens m maize, 110 
Pyrcnomycetes, spore liberation m, 143 
Pyridinethionc oxide, sod biocide, 458, 
463 

PtjToncma confiuens, antagonistic action 
of, 533, 535 
Pylhium 

action of soil amendments on, 537 
antagonistic action of actinomycetcs 
on, 532 

control with allyl alcohol, 460 
environmental effects on infection by 
303 

inhibition in sod, 500 
pirasitism of oospores of, 525 
remv avion of treated soils, 454 
soil pathogen, 430 

Pythhim sp, parasitism by THchoderma 
lifinorum, 52'! 

Pythium spp, bypcrparasitism between, 
52-1 

Pythwm aphamdcntialuin, increase after 
pcnticliloronitrobcnzcnc soil treat- 
ment, 153 

Putfdtini anliLrutmoucs, antagonists of 
531 

Ptft/iiurn dchanjaiiuti}, JOS, 533 
PytlHuni graiiilnicola. antagonists of 532 
Pythium tiUimum, 00. 83, J3J. 155 

O 

Quarantine inrasturs, iin!)a»,.i>, 331 
Quarantine imrsciict. iii.ixijt«l pluits, 
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Quaranlmc ilaljon, coffto, 321 
Quarantines, 18, 313 
drafting of, 311, 311 
tcononuc factors in, 328 
effect on inoculum, 10, 18 
evaluation of, 298, 323, 328, 329, 
331, 351 

intcmatioinl coordiintion m, 350 
legal aspects of, 90, 311 
modem, imports with special require- 
ments, 310 

role of inspectors, 3-19 
transportation problems m, 329 
Quinones, pholol>sis of, role of oxida- 
tion polcnlnl, 'lOl 


R 

Hac«, phys.oloiI.c. 575, 593, 602, 607, 
610, 611, 014 , u ,, 

Radiation, use on produce for shipping, 
387 

Radiation genetics, 014 , 

Radiomercury, Panogen hbelle wi , 
use on seed, 510 , 

Radopholus stmtlts, physiologic races ot, 
012 

Rnm . .Oft 

action on fungicide deposits, 486 

dispersal by 
inoculum, 8, 13 
spores, 160, 214, 301 

relation to occurrence of disease, 

399 

Rate of multiplication of disease, , 

Rato^^ stunt, heat therapy of sugar 
cane stock against, 393 

Recontamination, steamed soi, . 

Bed clover, resistanee to CaltaoUKhum 

Red *stek!‘’sSwbeny stock cl.nuna*<on 

by cultural methods, 413 

Redistribution, sprays, during wea 
ing 484 

Regulations, against plant diseases, 

HeproducUoTVathogens effect of cul 

Reprrdtr^r, contnff of, 
17, 18 


277, 388. 587, 


Rescuch methods, cultural disease con 
trol, 366 

Reservoir” hosts, control of, 420 
Resistance, disease 
age in relation to 39, 614 
disease control by, 272, 361, 362, 
567, 571, 593. 621 
m epidemics, 7, 17, 38, 247 
evaluation of, m small plots, 270 
generalized, 614 
genetic aspects of, 

589, 619 
loss of, 575 
nature of, 389 576 
production of, 572, 573, 617 
sources of, 613 
stability of, 580 

Relentiveness, fungicides, additives to 
improve 489 

Reynolds number, definition, 174 
RhabdtUs btevtspina, mhibition of 
growth by Aspergillus, 550 
RJutgoletis pomonello, transmission of 
Pseudomoruis mehphthora 108 
Rhamtius spp, role m production of 
races of crown rust, 588 
Rhizobiophage, action on Rhtzobium, 
527 

Rhizobium, 436, 527 
mycetoma 12, 403. 404. 406, 436. 
454, 460, 501 

ahizocioma cmcorum, strand formation 
in, 44 46 

BJiizocloma solam 

antagonism of Fythmm ullmum, 454 
antagonists of. 435, 532, 533, 534, 

biotypes of. 599, 603 
control of. 89, 455, 456, 457. 461 
detection in seed potato tubers, 8u 
disease levels of, effect of soil amend 
ments, 537 

hosts vulnerable to, crop rotation. 408 

hyperparasitism of, 524 

rarcs classification of, 603 

Snathos-. 60. 64, 85 454 

Bhizomorphs, 5, 25. 

Rhizoptis, 384, 380, 524, 53- 
Sl^rphere. effect of root secretions on. 

435 
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IWtizospVieie floia, binding o{ manga- 
nese by, 452 

RhopalostYihum comi, transmission of 
celery yellow spot virus, 122 
Rites, dispersal of Cronartium nbicola 
spores from, 314 

Ribonuclease, virus inhibitor, use as dis- 
infectant, 418 

Rice, crop rotation with vegetables, 415 
Roguing, disease control measure, 377 
Root barriers, control of root rot by, 
Ilcvea brasihensis, 422 
Root contact, spread of infection by, 51 
Root grafts, spread of oah wilt by, 379 
Root-mfccting fungi, ectotrophic growth 
of strands, 48 

Root infections, detection of, 52 
Root knot nematode, 103, 272, 456, 457 
Root rots, 62, 375, 439 
Root secretions, effects of, 406, 435, 
551 

Roots, pathogens of, depth of occur- 
rence in soils, 439 

Rootstock, incompatibility of scion with. 

role in epidemics, 270 
Rosa honksid, eradication of, control of 
apricot mildew, 3S3 
Rosa mancUi, roses grafted to, 412 
Rosa spp , embargo against, 331 
Rose leases, role in dispersal of Diplo- 
carpon rosac, 85 

Rose vsilt, rose embargo against, 333 
flosciilnio, control of 
sanitation, 381 
trenching, 303 

Rosette disease, of psathes, scW-cradi- 
caling. 202 
Rubber 

geographic location of production of, 
393 

icshictlou of Corticuim lolmoniri^or 
Infctlion, 390 

itubWf scsxlhngs, root iiicxnilitions with 
Fomei l/gmuuf, 19 

Rugo'O mosaic \u\is, sptiaj of mfre- 
tlon in jxilatocs. 212 

ilmt 

apple, aswu-ijtlon of 
wiih. 31S 


“infection flecks” as hypersensitive 
reaction to, 36 
Rust epidemic, delay of, 285 
Rust epiphytotics, role of climate con- 
ditions, 286 

Rust fungi, hyperparasites of, 523 
Rusts 

discharge of spores, 154, 156 
pycnial stage of, insect dispersal of 
spores, 160 
tiredospores 

liberation of, 160, 166 
transport to upper air, 221 
Rye, seeding rate in control of ergot in- 
fection, 396 

Ryegrass seed, method of determining 
contamination with Gloeotinia tem- 
ttlenta, 78 

S 

Salmonella paratyphi B, in mice, dos- 
age-response curves, 33 
Salmonella iyphmiirium, 33, 34 
Sanitation 

conditions determining cfTectivencss 
of, 246 

disease control by, 267, 273, 380, 400 
export grain and seed, 340 
methods of, 246, 247, 268, 381 
role in preventing introduction of 
pathogens, 298 

rules of, in epidemiology, 246, 267 
San Josd scale, 330, 342 
Sap inoculation, of Indicator plants, in 
testing for vims contamination, 87 
Saprophytes 

action in soil, 59 

on seed, effect on pathogens, 543 
Scab, susceptibility of barley \aricHes 
to, 591 

Sc,ile insects, control during transport, 
330 

Scale of distance, disease gradients, 0, 9, 
iW, 258, 260 

Scion, incompatibility with rootstock, 
rule in epidemics, 270 
Sclerriicli>'ma, relation to colltnchyam, 
wheal, effect on rust pustiilcs. 015 
Sclemipord, conidimn discharge in. 1 18 
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Sclcwspora phdtppiiicnsis, spore dis- 
charge uj, effect of turgidity, 158 
Sclerotia, 25, 64 

Sclcrotinia, control on lettuce, 382 
Sclerotmia fructtcola, latent infection of 
apricots, 41 

ScleroUnia fruettaena, spread by insects, 
111 

Sclerotmia laxa, dispersal through fruit 
trees, formula for, 197 
Sclerotmia minor 

antagonistic action of bacteria on, 529 
control with chloronitrobenzenes, 457 
Sclerotmia sclerotiorum 
actmomycete antagonism of, 530, 533 
control by flooding, 415 
number of spores produced by, 208 
Sclerotmia trifoUorum 

germmation of sclerotia of, 52 
parasitism of sclerotia of, 525 
Sclerotium rolfsu, 246, 391. 407. 414, 
455, 524 ^ , 

Sclerotium tuliparum, control of, cbloro- 
nitrobenzenes, 457 t n » 1 

Scolytus multistriatus. vector of Uuten 
elm disease, 112, 127 
Sedimentation, spores, m laminar layer. 
210 

r qOO 

classification for transport o , 
contamination of, effect of c ima e 

disease-free, production ** 

disinfection of, 80, 324, , 

dispersal of pathogens by, » • 

82 

field inspection of, 333, 339 
infection of, resulting from seed co 

tammation, 72 ^„frnl 

inoculation with intigonisls. contr 
of pathogens, 543 t„ni,es 

mtegnment, production of -mtibioties 

on, 544 

persistence of pathogens on, 70 
phytosanitaiy certificate for, 
spread by turbulent 
tests for pathogens in, 70, 

transport in sheep 499. 

treatment or, lo, 

514 


Sccd-bome diseases, 24, 338 
Seed-borne pathogens, 70, 294, 324 
Seed healtJi surveys, value of, 78 
Seed plants, growth m virus-free areas, 
123, 124 
Seed potatoes 

dismfection of, 69, 88 
virus-free, production of, 323, 404 
Seedbed pests, use of allyl alcohol, 458 
Seedmg deptli, importance m disease 
losses, 403 

Seeding time, disease control by selec- 
tion of, 401 

Selection, resistant variebes, 573 
Senescence, effect on host resistance, 39 
Seplona apit, control m celery seed, 82 
Sereh, heat therapy of sugar cane stock 
against, 393 

Serology, m testing for virus contamina- 
tion, 87 

Severe etch virus, antagonism to otlier 
viruses, 555 

Sheep, defoliation by, roses, 380 
Silviculture, methods of disease control 
in, 376 

Sinapis alba, effect on viability of nema- 
tode cysts, 552 

Sirex cu<mcm. transm.ss.on of Slcrmm 
sangmnolentum, mechanism of. m 
Slime spores, dispersal of, 98, 161 
Slugs, transmission of fungus spores by, 
102 


ITect of vernalization on. 393 
nail grains, physiologic races of, 5bJ 
inking, dispersal of spores of. 10 
,t diseases, sanitation measures 
against, 381 
its 

ireals, quarantines, 334 

beralion of brand spores of, 160 

nnJuetion of hallistospores b>, IM, 

prediction of epidemics, 
role in applying contiol mens- 
ures, 307 

urn arscnite, clfccl on decry procc-s. 

„TS!»f,>^olfosucc.natc, mrfac- 
laiit, clfec' on dcposilion. Itm 
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Rilizosphere flora, binding of manga- 
nese by, 452 

Rhopalosiphum comi transmission of 
celery yellow spot virus, 122 
Rites, dispersal of Cronarttum nhtcoU 
spores from 314 

Ribonuclease virus inhibitor, use as dis- 
infectant, 418 

Rice crop rotation with vegetables, 415 
Roguing, disease control measure, 377 
Root barriers, control of root rot by. 
I/coca hrasiliensts, 422 
Root contact spread of infection by, 51 
Root grafts, spread of oak wilt by, 379 
Root-mfecting fungi, ectotropbic gtowlb 
of strands, 48 

Root infections, detection of, 52 
Root knot nematode, 103, 272, 456, 457 
Root rots, 62, 37S, 439 
Root secretions effects of, 400, 435, 
551 

Roots, pathogens of, depth of occur- 
rence in soils, 439 

Rootstock, incompatibility of scion with, 
role in epidemics, 276 
Rosa banksta, eradication of, control of 
apricot mildew, 383 
Rosa mancltt, roses grafted to, 412 
Roso spp , embargo against, 331 
Rose leases, role in dispersal of Dtplo- 
carjion rosae, 83 

Rose ssilt, rose embargo against, 333 
RoscUtnlu, Qciutrol of 
sanitation, 381 
trenching, 398 

Rostltc disease, of peaches, sclf>cradi- 
eating, 262 
RubWr 

geographic location of production of, 
393 

reduction of Corf/cium stihnonicolor 
Infrction, 300 

RuhlxT sestlhngs, nwt iiiociilatioiis with 
Forne* hgiuutir. 10 

Rugose mosaic smis, spnad of infec- 
tion In potatiK-s, 212 

Umt 

apple, avHKutlfm of Ct<Haiipt>riuni 

wlih. 818 


‘mfection flecks” as hypersensitive 
reaction to, 36 
Rust epidemic, delay of, 285 
Rust epiphytotics, role of climate con- 
ditions, 286 

Rust fungi, hypeiparasites of, 52S 
Rusts 

discharge of spores, 154, 156 
pycnial stage of, insect dispersal of 
spores, 160 
iiredospores 

liberation of, 160, 166 
transport to upper air, 221 
Rye, seeding rate in control of ergot in- 
fection, 396 

Ryegrass seed, method of determining 
contamination with Gloeottma tern- 

ulenta, 78 

S 

Salmonella paratyphi B, m mice, dos- 
age response curves, 33 
SoImoneHfl fyp7nmtiruim, 33, 34 
Sanitation 

conditions determining effectiveness 
of, 246 

disease control by, 267, 273, 380, 400 
export gram and seed, 340 
methods of, 246. 247, 268, 381 
role m preventing introduction of 
pathogens, 298 

rules of, in epidemiology, 246, 267 
San. ^cs.«4 wt'jJ.c., 331X, 342 
Sap Inoculation, of indicator plants, in 
testing for vims contamination, 87 
Saprophytes 

action m sod, 59 

on seed, effect on pathogens, 543 
Scab susceptibility of barley varieties 
to. 591 

Scale Insects, control during transport, 
330 

Scale of distance, disease gradients, 0, 0 
250, 258. 2G0 

Scion. Incompahhihty with rootstock, 
role in epidemics, 270 
Sclrrriich>ma. relation to collcnch>ma. 

wheat, iffcct on nist pustules, 015 
Sctrroipofa, conldmm dlscliargc In. 118 
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Sclcruiporu phtlippuicnsis, spore ilis- 
thargo m, cITtct of turgidity, 158 
Sclcrotia, 25, Cl 

Sc/crotjrufl, control on lettuce, 382 
SclcroUnia frucUcola, latent nifecUon of 
apricots, 41 

SclcroUnia frucUgena, spread by insects, 

111 » f . 

Sc/crotirua laxa, dispersal tlirougu rui 
trees, fonnula for, 197 
ScleroUnta mtuor 

antagonistic action of bacteria on, 5-y 
control with chloronitrobenzcnes. 45/ 
Sc/crofmia sclerotioruni 

actinomycete antagonism of. 530, 5^ 
control by flooding, 415 
number of spores produced by, 208 
ScZerotmia tnfoUorum 

germination of sclerotia or, 
parasitism of sclerotia of, 525 
ScZeroiium rolfstt, 246, 391, * 

Sckr^MumTuUpamni, control of, cliloro- 
nitrobenzenes, 457 nnfch 

Scolytus multfstriatus, 

elm disease, 112, 127 
Sed.mcntat.on, ,po.«, o' 1™'“' 

210 

'“fass.fica..o„ fo. — 
contamination of, ettecc oi 

74 r qA7 410 

disease-free, S43 

dismfection of, 80, > it; 71 76 

dispersal of pathogens by. ’ 

field mspection of, “3. 
mfection of, .esnlfnS f™>” 

tammation, 72 control 

inoculation with antagonists, 
of pathogens 543 
integument, producti 

on, 544 

persistence of pathogens o , 
^h,tosan..ao- cert.fl^ 
spread by turbulent am c^ 
tests for pathogens ■», ™, ■ 

transport rjo” 432, -158, 499, 

treatment or, 18, » 

514 


Sccd-bome diseases, 24, 338 
Seed borne pathogens, 70, 294, 324 
Seed health surveys, value of, 78 
Seed plants, growth in virus free areas, 
123, 124 
Seed potatoes 

disinfection of, 69, 88 
virus free, production of, 323, 404 
Seedbed pests, use of allyl alcohol, 458 
Seeding depth, importance m disease 
losses, 403 

Seeding time, disease control by selec 
lion of, 401 

Selection, resistant varieties, 573 
Senescence, effect on host resistance, 39 
Septona apn, control m celery seed, 82 
Sereh, heat therapy of sugar cane stock 
agamst, 393 

Serology, m testing for virus contamina- 
tion, 87 

Severe etch virus, antagonism to other 
viruses, 555 

Sheep, defoliation by roses 380 
Silviculture, methods of disease control 

in, 376 

Stnapts alba, effect on viability of nema 
tode cysts, 552 

Strel cyaneus transmission of Stereum 
sanguinolentum, mechanism of, li-l 
Slime spores, dispersal of. 98, 101 
Slugs, transmission of fungus spores by, 
102 


elfecl of vernalization on. 393 
small grams, physiologic races of. 
stmkmg. dispersal of spores ot, 10 
jiul diseases, sanitation measures 
against, 381 
muts 

cereals, quarantines, 324 
liberation of brand spores of. 
producUon of ballistospores by, 15-*. 

seed home, prediction 

role m applying control mca 
ures, 307 

Klmm arsemte, clfect on decay pmeos,. 

stumps, 378 
idium dmol 

tant, effect Oil deposition. IS- 
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Sodium ethylene bisdithiocarhimatc, soil 
penetntion, 448 

Sodium N melhyldithiocarbainate, 448, 

460, 506 

Sodium methyl dithiocarbamatc dihy- 
drate, soil biocide, 458 
Soft rots bacterial, m produce m transit, 

386 

Soil 

activity of antibiotics m, 541 
amendments to, effect on disease 
levels, 537 

antagonists m, 532, 537, 538, 542 
biocides, 446, 458, 463, 464 
biophase, 434, 436 

characteristics of, role in crop cuUuie, 
375 

contammation with pathogens, 59, 63, 
66, 67 

flora and fauna, beneficial nature of, 
59 

fumigation of, 452, 513 
import and export of, 325, 320 
inoculum survival m, 52 
interrelations with biocides, 440, 448, 
449, 451, 452, 505 
isolation of nmbydnn positive com- 
pounds from, 501 

microbiological relations m, 435, 525, 
531, 535, 542 

minor elements, effects of soil organ- 
isms on, 452 

nomnfested, methods of obtaining, 414 
physical interactions of fungicides in, 
507 

porosity of, 449 

reaction of, influence on disease, 392 
sorption m, 441 
sterilization of, 414, 468 
surveys of, 67 

treatment of, 431, 433, 453, 455, 457 
basic concepts, 432 
disease control, 18, 67, 273, 413, 
433, 438 407, 468, 469 
eradicant, 458 

formation of phytotoxic residues, 453 
fungicides, 499 
protectant, 458, 462 
response of plants, 437 
zones of, 438 


Soil-bornc pithogtiis, 12, 25, 60, 00, 
139, 537 

control of, 132, 570 
Soil fonimig organisms, 130 
Soil fmiiigaiits, toxicity to mammals, 159 
“Soil sickness,” greenhouses, control of, 
359 

Soil-surfacc seal, biocide application, 
450, 459 

Sokinum demissum, indicator plant for 
virus testing, 87 

Solanum dtilcamora, susceptibility to 
Heterodcra rostochiensts, 318 
Solanum nigrum, susceptibility to Heter- 
odcra roitochiemis, 318 
Solanum tuberosum, resistance to blight, 
281 

Solubility 

fungicides 

effect on performance of, 490 
effect on phytotoxicity, 497 
water, biocides, role in soil penetra- 
tion, 448 

Solutions, toxicants, soil penetration by, 
448 

Solvents, volatile biocidcs, 464 
Sordona, time interval, bursting of asci, 
145 

Sordarta fimtcola, spore discharge of, 
140, 143, 163, 165, 166 
Sorption 

relation to micelle hydration, 442 
toxicants m soils, 440, 441, 442 
Spacing, fields, to reduce disease, 238 
Species, infectious incompatibility be- 
tween, 276 

SpJiacelia, ergot stage, insect dispersal 
of spores, 160 

Sptiacelotheca sorght, pathogenicity of 
lines of, 601 

Sphaerella linarum, spread of, 100, 115 
SpJiaerotheca 

diumal cycle, spore liberation, 165 
geographic range of, 399 
Sphaerotheca mors-uvae, 83, 85 86 146 
147 

Sptcaria, antagonistic action of, 532 
534 

Splcorfa ononiola, m white fir, trans- 
mission by bark beetles, 110 
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Spmclle (ubcr vims, 277, 322 
Sphsh dispcrsn?, basic nicclnnics of, 161 
Sjfongosjjora subtcrranea, 62 65 69 85, 
86, 89, 335 

“SporaboJa,” spore discharge, 139 
"Spore active" itnp, dispersal from 
217, 218 

Spore cloud, 195, 210 
Spore flight 
altitude of, 186, 188 
duration of, 189, 190, 191 
range of, 182, 183, 184 
theory of, 178 

Spore germination, effect of weather on, 

302 

Spore mfectivity, Boiiyiis etnerea, effect 
of nutrients on, 39 

Spore load, relation to development of 
wheat bunt, 3, 31 

Spore physiology, role of environment 
in, 373 

Spore plugs, role m aeciosporc discharge 
158 
Spores 

air-bome, 26, 250 
clubroot, survival m sod, 315 
concentration in air, 170, 191, 194, 
196, 198, 199, 200, 205. 206, 
207, 213, 216, 221 
measurement of, 198 
“critical’ distance from source of, 206 
deposition of, 8, 196, 208, 209, 212. 
213, 214 

diffusion in air, 173, 174, 192, 301 
discharge of, 14, 138, 139, 141, 156 
dispersal of, 11, 41, 169, 172, 173, 

177, 214 

differential equation for, 179 
intercontinental, 222 
effect of gravitation on, 170 
liberation of, 159, 162, 163, 164 
multicellular, efficiency as inoculum, 

6, 7 

obstacles to, wind shelter strips, 220 
size differences, 218, 301, 595 
trapping of, 15, 189 
velocity of fall, 171, 172 
Sporoholomyccs, spore discharge in, 149 
Spotted wilt virus, control m tobncco. 
rehlion to phnt density, 119 


Spraying, disease control in fruits, 389 
Sprays 

advantages of, 479 
contact angle between leaves and 
droplets, 480 
drop size, 4S0 

rcdistnbution of, during weathering, 
484 

relation between surface tension "nid 
concentration, 482 
Spreaders, residual properties of, 488 
Spruce budworm, control of, 369 
Sr\uash, seed-bortie virus, ptevetiUon of 
dispersal, 83 

Squash mosaic virus, mfectivity period 
m cucumber beetles, 105 
SbiJk smut of rye, role of host nutrients 
m control, 392 

Steam, heat sterilization of soil by, 466 
Stem grafting m testing for contamina- 
tion with viruses X A, B, C, 87 
Stem rots, pathogens causing, depth of 
occurrence m soils 439 
Stem rust 

control in wheat, 284 420 
decrease of inoculum of 582 
forecasting of epidemics of, 295 
wheat, resistance to, 577, 579, 619 
Slereum purpureum, wound pathogen, 
effect of antagonists, S45 
Stereum sanguinolentum, transmission 
by wood wasps, 111 

Sticfcers, effect on toxicity, copper fungi- 
cides, 488 

Stohes’ Law, 138, 171 

Stolbur disease, potato, distribution of, 

322 

Stone fruits 

control of bacterial canher, 8S0 
introduction of viruses of, 323 
Storage, seed,'' control of pathogens by, 

82 

Storage diseases, chemical control of, 

387 

Stonge management, and marlct path- 
ology, 385 

Strand formation, ^Icrtdais Ificrymatis, 

47, 48 

Straw, "iprcid of fungi fi), control inns 
urcs, 326 
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Strawberry 

nematode infestation, beat therapy, 

392 

postharvest control of rots of, 384, 

385 

Strcptomyccs sp , inhibition of Ptjthtum, 

534 

Strcptomijces gnseits, mutual antago- 
nism with AUernarta solant, 531 
Streptomtjees gmeus, production of acti- 
dionc m soil, 539 

Streptomyces \pomoea, control with 
dichloropropenc dichloropropane 
mixture, 462 

Strcptomyccs laocndiilae, mhibitton of 
Azolohacter, 436 
Strcptomyccs scabies 
antagonists of, 531, 533, 534 
'vvitonoinous dispersal on potatoes 69 
control of, 89 435, 457, 530 
detection in seed potato tubers 86 
occurrence of, effect of soil pH 537 
persistence m host in storage 86 
phage of, 520 
resistance to, 580, 612 
Strcptomyccs vcnczuclac, antibiotic ac- 
tivity, 530, 544 
Strcploin>cin, 411 540 
Slnicturc actuily relations, fungicides, 
197 
Slumps 

decay of, effect of sodium arscnilc, 378 
prcientlon of colonization by butt rot 
fungi, 379 

Sublimation, loss of fungicides by, 491 
Sugar heel 

crop scquinccs affecting diseases in 
406 

cmly top 121. 577, 012 
role of soil drainage in control of 
damping off, 397 

Sugar cane, role of aluminum absorp- 
tion in mot rot of, 392 
Sulfur 

CTintrol of l/rocyjJlr 150 
vmI application with. 398, 133 
toiidty if dusts, relation to particle 
lire 182 

UM- In iKjulura.-^t treatments, 3SJ 
Sulfur dcjxavli* atinmalion of, I 91 


Sulfur dioxide, use in control of storage 
diseases, 387 

Sulfuric acid, control of “soil sickness, 
greenhouses, 359 

Surface tension, sprays, variation with 
concentration, 482 
Surfactants, 481, 482, 488 
Surveys 

new diseases, 343 
for plant pests, 319, 820 
Swarmspores, production by Phytoph- 
thora mjestans, effect of weather 
conditions, 298 

Sweet com, bacterial wilt of, 307, 395 
Sweet potatoes 

black rot of, control by borax dip, 384 
reduction of Fusanum stem rot in, 
395 

Swollen shoot, cacao, 105, 230, 262, 
263, 267 

Symbiosis 

in host pathogen relationships, 27 
insects and fungi, 98 
Stjnchytrtum cndobiottcum 

detection m seed potato tubers 86 
dispersal of, 62, 69, 100, 101 
persistence of, 65, 85 
physiologic races of, 68, 84 
Synergism 

bacteria and fungi, 547 
infective pxopagules, in infection 
process, 30 

in quantal host response to infection, 
30 

Systemic action, captan, 485 

T 

Tageter, ncmalocidal effects of, 552 
' Take all * of cereals, role of sod man- 
agement in control of, 370 
Toiihrina t/c/ormniis, periodicity in spore 
liberation, 163 
Temperature 

control of storage diseases, 387 
effect of 

on host reaction to pathogen races, 
591, 608, 609 

on infccliiily of Insttl sectors, 110 
on soil sorption, 51 1 
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on ipores, 163, 302 
on spread of cotton root rot, 62 
roJc in incubation period, 303 
soil, clFect on diffusion of fiuniginb 
449 

Tenacity, fungicides, effect of particle 
size on, 487 

Terthienyl, toxicity of, nematodes, 552 
Testing procedures, resistant varieties, 
615 

Tctrachlorobydroquinono, reduction 
product of chloranil, 493 
Tctradccane, degradation by Corynebac 
terium ttabcum, 499 

Tetrahydrothiadiazine thione, soil bio- 
cide, 458 

Tetrahydrothiopbene dioxide, soil bio- 
cide, 458 

Tetramethyl tbiuramdisulfide, soil treat 
ments, 445, 453, 454, 463, 506 
Thamntdtum clegans, detachment of 
sporangioles, humidity relations, 163 
Therapy, disease control measures, 372 
Theratomyxa webert, predator of Heter~ 
odera rostochxensis, 550 
‘ Thermic turbulence,” air, 174 
Thermotherapy, 323, 838 
Thiadiazinethione, biocide, 460 
Thiamine, formation by Aerobacter m 
sod, 436 

Thiobacillu", m sod, 436 
Thiram 

protection of pea seedlings, 501 
seed treatment with, 80, 514 
soil treatment with, 463, 506 
Thrips, transmission of tomato spotted 
wilt virus by larvae, 105 
Tlinps activity, effect of temperature on, 

116 

Tillage practices, role in crop culture, 

375 

Ttlletia brevtfactens, spread of, 325 
Ttlletia canes 

dispersal of spores, 198, 215 
multiplication of infection on wheat, 

240 

seed borne, 71, 72 

spore load and development of bunt, 

28 

spores of, 151, 208 


Viability in soil, 75 
Ttlletia foettda, 28, 240, 547 
Tilletta secahs, distribution of, 324 
Timber, effect of handling on quality of, 
385 

Timothy, resistance to Puccinia grammis, 
577 
Tobacco 

brown root rot of, caused by nematode 
infestation, 359 

tomato spotted viilt virus, infection 
palteni m fields, 279 
Tobacco blue mold, 295, 299, 305, 370, 
377 

Tobacco mosaic virus, 63, 65, 98, 99, 
104 273, 394, 556 
Tobacco necrosis virus 63, 341 
Tobacco seedbed sod, surface bummg 
of, 466 
Tomato 

adaptation of Phytophthora infestans 
to, 249 

heat therapy against brown rot, 392 
relationship with pepper crops and 
potato virus Y, 122 
Tomato bacterial canker, seed borne, 339 
Tomato bhght, secondary epidemics of. 

249 

Tomato mosaic virus, seed transmission 
of, 73 

Tomato seed, elunmatmg bacterial 
canker from, S95 

Tomato spotted wit virus, 105, 241, 

279 

Tomato wdt, 553, 576 
Tomatoes 

blossom end rot, m produce in transit, 

386 

spread of tobacco mosaic virus in, 99 
Toxicants 

formation from microbial action, 501 
water soluble, penetration of sod by, 

448 

Toxins, 56, 542 

Toxoptera cttncidus, >cc(or of frfsfeza 
disease, citrus, 262, 276 
Trade, illegal role in discisc introduc- 
tion. 350 

Tr-uislocition djrcne, roic of ii(iinidit>. 

497 
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TnnspinUon rite clfect on quality of 
produce, 388 

Transport, control of disease during, 335 
Trap crops, 68, 422, 423 
Trapping of inoculum, 7, 8 
Trapping of spores, 15 
Tree roots, resistance to infection, 49 
Trees, systemic pathogens of, ahihty of 
spread, 276 

Trenching control of soil fungi hy, 398 
Tnazines, phytotoxicity of, role of allcyl 
groups, 496 

y Trichloromethylthio-1,2,3,4 tetrahy- 
drophlhalimide, 463, 485 
Tnehoderma 

inlagonism of, 532, 534, 537 
occurrence in soil, 436, 542 
rric/ioderma koningi, antagonistic ac- 
Uoti of, 533 
Triclwdcrma ligitorum 
'vntagomstic action of, 533, 534, 535 
hypcrpansitism of, 524 
Trtcliodemta ttnde 

antagonistic action of, 435, 454, 534, 
537, 538 

inoculation on seed, 544 
production of gliotoxin m sod, 539 
rtcolonizalion of treated sod, 453, 

500 

si>oro dispersal m, 160 
Trlcliosiiorlcum sijitihiolictiin, in white 
fir, transmission by bath beetles, 110 
Trkholhcciurn, parasitism and antago- 
nism by, 523, 532 

Tncliotliccuim arrlicihipum, parasitic on 
ixisjxircs, 525 

1 riclmlhicium rofcum, cuimha (Utach- 
mtiit, humidity ulatlons, 163 
Tn/idtum, host for \xitata jtllow dwarf 
Mnu, 322 

TrnuJcriunt luhfife, parasitic on oospores, 
525 

Trlvtc/a diHUH*. citrus 

ipiihmit luturc of, 263, 270 
rrsl'tam.-c to, 390. 018 
sp't^ad of. I ! 2 200. 202. 263 
Tnifema. h>bitds of, breeding 

for stem nut rcsutance, 579 
Tfi/k-uiu »jip. ujuriTi of sariiths, 
liertUiii; luo^raiiu, SSO 


use in Klentifyuag races of Pucctrna 
grominiS var tritici, 603 
Tnticum vulgafc, breeding for resistance 
to stem rust, 579 
Tropisms, in agarics, 153 
Troposphere, distribution of spores m, 
221 

Tuber, spore discharge in, 140 
Tuber core graftmg, m testing for pota- 
to leaf loU contamination, 87 
TtibercuUna spp , hyperparasitism of 
rust fungi by, 522 

Tuber uniting, potatoes, m prevention 
of randomness, 278 

Tulip flower-break virus, spread by cut- 
ting knives, 99 

Turbulence, atmospheric, effect on 
spores, 173, 174, 183, 192, 196, 209 
'Turbulent deposit," spores, 212 
Turf diseases, control with mercurials, 
462 

Turgidity, effect on spore discharge, 
rusts, 157 

Turnip yellow mosaic virus, infectivity 
period m flea beetles, 105 
Tylenchorhynchus ctaytoni, disease com- 
plex with, 553 

Tylenchulus scmipenetrans, control by 
dicWoiopropene-dichloropropanc 
mixture, 450 

U 

Ultrasound, effect on viruses, 394 
l/ncm«ia, diurnal cycle, spore libera- 
tion, 165 

Ufiriiiuta iiccutor, effect of temperature 
on incubation laenod of, 301 
Upper air, spores in, 221 
Urcdinalcs, hypcrparasiles of, 523 
Urcdosiwrts, transport m air, 221, 
Uroccrus fc/gar, transmission of Slcrctim 
saiifiiiiMolenfum, mechanism of, 111 
Urncyitu, control with sulfur, J50 
l/r<»cwit« tnbcl, dislrduilion of. 321 
Uromyccs fahac, on beans, inhibition by 
liutryth fahac infection, 517 
Urvmycct phascoU, beans, effect on Mriis 
infections, ST-l 
Vitilapo 

iUpomUdi) (if sixirts Ijy ram, 215 
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diurnal periodicity of spore discharge, 
166 

Usidago aocnae 
control of, oats, 584 
viability of brand spores, 75 
Ustilago koUen, control of, oats, 584 
UsUlago maijdis, pathogenicity of mono- 
spondial hnes, 598, 599, 601 
Ustilago nuda 
seed-borne, 25, 294 
susceptibility of barley varieties to, 
591 

viability of brand spores, 76 
UsUlago perennans, collection of spores 
by ram, 215 

Ustilago stmiormis, resistance of Poo 
pratei\sis to, 577 
Ustilago tntict 
dispersal of spores of, 16 
seed borne, 25, 71, 73, 294 
Ustilago vtolacea, spread by nocturnal 
moths, 109 
Ustilago zeae 

bacterial antagonist of, 544 
disinfection of seed against, 339 
spore flight, 170, 189 

V 

van der Waal’s force, physical adsorp- 
tion by, 440 
Vapim 

depth of nemttode and fungi contiol, 
in soils, 507 
stability in soil, 460 
toxicity in soil, 50G 

Varieties, quantitative evaluation of, 271 
Varro, “Renim Rusticarum," crop loca 
tion and disease, 572 


relationship of rainfall, spore dis- 
charge, 162 

survival m plant products, 86 
Ventuna pmna, control of, 416 
Vcmahzation, effect on smut incidence, 
393 

VerttailUum 

dispersal of, on crop residues, 14 
infection by, 2, 303, 407, 413 
m soil, 436 
Verttctlltum albo-atrum 
mfection by, 86, 294 
spread by diseased plant residues, 100 
VertictlUum cinerescens, primary path- 
ogen on carnation, 548 
Verticdltum dahltae, inhibition by Cul 
poda, 528 

Vcrttcilhum hcmileiae, hyperparasite, 

523 

Vtcta faha 

infection by Botnjtxs ctnerea, 39 
mfectivity titrations of Boirytts faltae 
on, 37 

Victoria oat susceptibility to llelmtn 
thosponum, 368 
Vine mildew 

incubation period, role in epidemics 
of, 305 

period of forecast for, 307 
Violet, nematode infestation, heat ther- 
apy, 392 

W/rdm, production hy TrwJwdefjno, 

534, 501 
Virulence 

genic potential for, 589 
pathogens, genes for, 619 
relation to inoculum pofcntial, 2 
Virus complexes, 554 


Vector control, cultural control method, 

418 

Velocity of fall, particles m air, 171, 
183, 187 

Ventuna, infections following attack by, 

548 

Ventuna tnaequalis 


Virus diseases 

control of, 373. 392. 393, 400, 570 
ecologically dominant plants, 284 
effect of plant nutrition on 119 
secondary epidemics of 241 
spread of. 51, 133, 125. 250 
surxey for, in uild plants, 122, 133 

..^1 ... nlYwlllctS. so 


on apple, use of Bordeiax mixture, 88 
overwintering of, 293 
lih> siologic rices of, importance m 
mtrodiiclion, 81 


transmission bv \cgctituc propiga- 
Uon, 81 SO S9. 275 
vegetables, incidence in relation to 
plant dcnsi(>, 120 
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Vims interaction, 554, 556, 557 
Virus vectors, growth on infected 
plants, 120 

Virus X, potatoes, protection phenomena, 

556 

Vims yellows, beet, 261, 268 
Vimses 

aggregations of propagules, 42 
cross protection reactions, 394 
infcctivity titrations, 32 
msect-transmitted, 14, 103, 104, 298 
nonpersistent, spread of, 106, 118, 

120, 121 

persistent, insect vectors of, 104, 126 
physiologic races of, 594, 611 
potenbal sources of, 121 

seed home, 73, 76, 83, 338 
soil borne, 63 
strams of, 113 
intcracbons, 555 

virulence of, effect of host passage, 
117 

Vims free cabbage seed, production of, 
382 

Volatility, role in diffusion of toxicants 
m soil, 448 

Volunteer plants, removal in disease con- 
trol, 377 

W 

Waste material, regulations on transport 
of, 320 
Water 

dispersal by, 13, 169, 299 
infection requirement for, 310 
soil, cITccls of. 111, 449 
Water congestion, role In disease 372 
Water emulsion, application of water 
insoluble biocides, 101 
Water seals, vise in soil treatment, 510 
W’alcr spra>, use In control of powdery 
mildews, 118 

W’atcnnclon, resistance to will, 577 
W rather 
cffecl of 

on aphids, 111. 121, 123 
on dlveases, 20 O, 291, 290 
on «i»ldfjiik'?, 233 


relations m predisposition to disease, 

568 

Weather pattern, role in predicting 
probabilities of disease, 307 
Weed grasses, infection by Ophtobolus 
gramints, 51 
Weed seeds 

control with allyl alcohol, 460 
toxicity of biocides to, 459 
Weeds 

control of, 51, 421 
occurrence of diseases on, 51, 53, 63 
source of inoculum, 51, 365 
Western celery mosaic, control of, 402 
Welting, of leaves by sprays, 481 
Wheat 

breeding for bunt resistance, 577 
disease resistance of varietal hybrids, 
581 

ear cockles 

occurrence with seed, 82 
viability of Angutllultna tnttet in, 
75 

hot water seed treatment, 80 
multilineal varieties, resistance to 
physiologic races, 618 
rate of multiplication of Pucctnuz tn 
ticirm on, 238 

transmission of Ophioboltis gramints 
to, 53 

winter, introduction of varieties of, 
573 

Wheal bunt 

relation of spore load to development 
of, 31 

tillage practices in control of, 375 
Wlicat leaf mst, forecasting epidemics 
of, 305, 307 

Wheat morphology, effect on mst de- 
velopment, 015 

Wheal mosaic vims, sod borne, 63, 65 
Wheat seed, test for smut fungus con- 
tamination, 78 

Wdical spot mosaic vims, transmission 
by Acerfa tuUpac, 101 
Wlicat stem mst 
infection l>-pes of, 600, 610 
relationships wuh wheat varieties, 607 
resistance to, 28-1, 308, 37 1 579 *392 
010 



SUBJECT INDEX 


675 


Wheat streak mosaic virus, transmission 
by Accrta tuhpae, 101 
White pme blister rust 
control of, 382, 420 
Cronartium nhicola, spread of, 315 
White-pme weevil, forest management 
in control of, 369 

White rot, prevalence after tree re- 
moval, 406 

Wild coffee, occurrence of coffee rust 
on, 324 

Wilt 

bacterial, sweet com, forecasting of, 
294 

fusarial, association with nematodes, 
552 

Wilt diseases 

development of varieties resistant to, 
574 

vascular, 241, 280 
role of toxins, 36 
Wmd 

action on fungicide deposits 486 
changes m spore concentration by, 

196, 206 

dispersal of spores by, 98, 160 163 
effect on spread of pathogens, 258, 
295, 800 

velocity of, effect on propagule move 
ment, 170, 183 
Wind shelter strips 219 
Winter wheat, seeding to avoid disease, 
401 

Witches* broom, control by eradication, 
382 


Wood 

transmission of diseases and insects by 
326 

world trade in, inspection problems, 
330 

X 

Xanthomonas spp , phages of, 526 
Xanthomonas cxtn 
citrus canker, introduction of, 316 
spread by ram splash, 161 
Xanthomonas solanacearum, disease 
complexes with nematodes, 553 
XatUJiomonas translucens, susceptibility 
of wheat hybrid to, 580 
Xanthomonas uredovorus, hypeiparajit- 
ism by, 523 

Y 

Yellow rust, wheat 
exchange of varieties resistant to 574 
inheritance of resistance to, 619 
Yellow spot, percentage infection, rela- 
tion to number of plants per acre, 
280 

Z 

Zinc, effect on patulm production, 540 
Zmc ethylene hisditluocarham'ite 
(zineb), row fungicide, 463 
Zineb 

analog of nabam, stability of, 447 
deposition on leaves, role of cortcen 
tration, 482 

effect of rain on deposits of, 484 
Zoospores, autonomous dispersal of, 13 



